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ABSTRACT
PHILCO-FORD WDL-TR3227-1 UNCLASSIFIED
SPACE-GROUND LINK SUBSYSTEM '
GROUND STATION
SYSTEM ANALYSIS SUMMARY REPORT 891 Pages
15 November 1968 Contract F04695-67-C-0115

This report provides a technical description of the ground station
of the Space-Ground Link Subsystem (SGLS) and integrates the
analyses performed by contractors who contributed to its develop-
ment, The report is in three volumes:
Volume I System Design Analysis contains the ground
seation aescr&pﬁon and related analyses.
Volume II Receiver Design Analysis contains a detailed
analysis of the SGLS receiver..
Volume III  Supplementary Analyses is a reprint of analyses
originally presented in the SGLS final design
report,
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FOREWORD

This System Analysis Summary Report for the ground station of the Space-Ground Link Sub-
gystem (SGLS) has been prepared to satisfy CDRL No. B042 of Exhibit B to Air Force Contract
F04695-67-C-0115, The report provides a technical description of the system and integrates
the analyses performed by contractors who have contributed to its development, The latter,

in turn, may be used as a point of departure for future development,

Initial development work on SGLS was accomplished under Air Force Contract No. AF04(695)~
610 and included development and demonstration of both space vehicle and ground station equip-
ments. A subsequent contract, No, F04695-67-C-0115, was awarded to Philco-Ford for the
systems engineering effort required to integrate modifications developed under other Air
Force contracts into the system and additionally to incorporate SGLS into the remote tracking
stations of the SCF,

Current system design incorporates significant configuration modifications over that evaluated
in the SGLS demonstration phase, These changes, defined by Air Force design criteria,
necessitated a new high power transmitting system, signal recording facilities, PCM ground
station, communications security equipment reconfiguration, and expansion of the number of
operating channels to twenty, The installed system interfaces with the remote tracking station
Control and Display, Data Handling, Timing, and FM/FM subsystems and is integrated with
new and modified tracking station antenna subsystems,

The report is organized in three volumes:

Volume I - "System Design Analysis" containg a technical description of ground

station design and related analyses.

Volume II - "Receiver Design Analysis'" contains a detailed analysis of the SGLS
receiver,
Volume III - "Supplementary Analyses' is a reprint of the appendices to the final

design report on SGLS published by TRW Systems.
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Volume I

INTRODUCTION

This volume, in two parts, contains a technical description of the Space-Ground
Link Subsystem (SGLS) ground station, ''Part 1, Ground Station Design' presents
an overview (Section 1) of the entire system. This is followed by a presentation
(Sections 2, 3, and 4) of SGLS functional services and their interrelationships.
Section 5 describes the ground station equipment items (including their typical
arrangement at a remote tracking station) and the SGLS self-test capability.
Section 6 contains reliability and maintainability analyses. Recommendations
related to future SGLS system developments are presented in Section 7.

"Part 2, Appendices' includes analyses that support Part 1 but are considered too
detailed for inclusion in the main body of the volume.
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LIST OF ABBREVIATIONS

AFSCF Air Force Satellite Control Facility
Big biphase

bps hits per second

CAD correlation amplitude detector
ccp cross-connect panel

CDRL contract data requirement list
CNR carrier-to-noise ratio

C/N (same as CNR)

COMSEC communication security

DCB digital command buffer

DCBSU digital command buffer switching unit
DRE digital ranging equipment

ERP effective radiated power

FDM frequency division multiplex

FSK frequency shift key

GHz gigahertz (109 Hz)

GRARE ground receiver and analog ranging equipment
Hz hertz -

M intermodulation

10B input-output buffer

1-Q in-phase quadrature .
RIG inter-Range Instrumentation Group
kbps kilobits per second (103 bps)

kHz kilohertz (103 Hz)

LO local osciII;tor

LRU line-replaceable unit

MHz megahartz (106 Hz)

MPF multipurpose feed

MPP master patch panel

MTBF mean time between failures

NR2 nonraturn to zero

o&M operation and maintenance

WDL-TR3227-1
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PLL
plo
PRN
PSK
RAT
RDT
RTS
RTU
RZ
SCF
SDhU
SGLS
s/l
SNR
S/N
SOC
SSF
SPB
STC
TOP
TLM
TOR
TSRE
TT&C
TTR
7T
vCO
VCXO
VFO
VPG
VSWR

phasa lock loop

part of

pseudorandom noise

phase shift key
receiver-antenna-transmitter
remote data terminal
remote tracking station
receiver tast unit

return to zero

(see AFSCF)

spectrum display unit
Space-Ground Link Subsystem
signal-to-interference ratio
signal-to-noise ratio

(same as SNR)

station operator’s console

signal switching facility

station program board

Satellite Test Center

telemetry data processor
telemetry

technical operating report

terminal send and rt;peive equipment
tracking, telemetry, and command
test transponder receiver

test transponder transmitter
voltage-controlled oscillator
voltage-controlied crystal oscillator
variable frequency oscillator
verification puise generator

voltage standing wave ratio
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SECTION 1
SYSTEM OVERVIEW
The Space-Ground Link Subsystem (SGLS) communication link includes tracking,

télemetry. and command capability multiplexed on RF carriers that utilize a com-
mon antenna for both uplink transmission and downlink reception. The system (see

‘ 'Fig‘ure 1-1) operates in a CW mode with either of two types of antenna subsystems:

. alow-gain configuration with a 14-foot parabolic reflector (Prelort antenna) or a

PHILCO -

high-gain configuration with a 60-foot parabolic reflector (TT&C antenna). Overall
system performance is essentially the same, except for the additional gain the 60~
foot antenna provides.

This section reviews the general requirements for SGLS, provides an overview of
the system, and summarizes the ground station command and control capability.
Since the design of the spacecraft subsystem was accomplished under other Air
Force contracts, only a brief .discussion of the vehicle is included here to show the
general relationship between ground-to-space (uplink) and space-to-ground (down-
link) links. Subsequent sections of the report are concerned with the ground station ‘

equipment,
1.1 REQUIREMENTS SUMMARY

Aerospace Report No, TOR-669 (6110-01)-54, Satellite Control Facility Design
Criteria: Overall Space-Ground Link Subsystem, defines the general design re-

quirements for the ground station equipment. The more significant of these re-

quirements are briefly summarized below,

a. The Space-Ground Link Subsystem (SGLS) will be the major subsystem .
to be used as a prime source of tracking, telemetry data, and command
and control capability in support-of all satellite programs that are
serviced by the Air Force Satellite Control Facility (AFSCF).

1-1

T,:'—.___'L_EE:I WDL Division

FORO CORPORATION




C
— 0
M m © wesbeiq HP0g PRGNS ‘WAISAS STOS L —1 dimbiy m
P 2
M ..I..llul!llllllllllll...l.ll.lllllllllll'IIII'I.«._ 0
-t oyog Eoyouy ZHY O oiog 3buy (3§ 2y :
~ / _
= o _ puo 3310A T}-¢ WD _
I m P ) paspdn 1 a
283 | . ! 3
usudinby apo) abuoy
w > — ogog abuoy sBuoy P 1 say 1 —
‘1 OZUM | __
— <l o= Asuanbasy buuuy _
£3 88 maen _
_ elz |5 3jduog \
] 2
| g \ _
. aEUEB_:Vm ﬁCUCOQEOU
oioq 240y 3 40y abuoy F) ] _
— Asuanbasy > _
] Wi/'Wi o wiywvd Au1[umog Ml
BSopony 731 OF 10 910A ZHY £ — _ aduwog T g I
o £
i (ESP201 Lo, oimumnnnag] o0 B 2. _
[ N 9 g wOd = wodf waa | o oiog Bojouy/ad10p Answapey| P28 w, _
) [ ]
3, '
! INTWJINOT ANNOYD STOS 5| oA
I st vz01 Prams &21) 718 1
— %150 Wd 13441ursuDs | 3 W .m _
I 40y Y611y ¢ 12103 wh w FY _
g Gogouy TH O (-Pow wid) o |8
| 2 23107 741 € saui00qng REIE
_ o ZHWGZ | : |E|Y
- 549 GZ1) Diog Wd oW > _
_ asoydsg Y] i
sa110qng sy dury saHusu01| gl |81
i ZHW-L"1 Sugwwng  fT1 (o) 81 s
| oiog Wi/W3 p— 8/ /8 |
— 0 Wi/WVd w4 &035 JUBIYOIUON W zm _
ou S A
| 2 _/l P e) _
i (sdpy 57| yBooxy sdq g) J— sounoqng Yy aang | S H
490 WOd asoydig ZHW-HZ0° 1 o 124340 _ T‘_ 3
— - LV m
m SPUDUALOY) gmﬁ_?)g-.n\ 12A1953y uoxu_&m._g _ a w
_ o040y Sojouy § 93104 - * _ m m
L LNFWJINOT FTIIHIA ST1OS B I
Iy




WDL-TR3227~1
Volume I, Part 1

b. The uplink services must include: 5
e Commanding in a digital format, as well as a means for verifying
correct command transmissicn '
e Analog data and voice communication channels to the spacecraft

¢. The dowalink services to be provided must include:
e PCM telemetry data reception, demodulation, and decommutation
e PAM/FM or FM/FM telemetry data reception
e Analog-data or voice~communication channels from the spacecraft

d. The subsystem must (1) provide for automatic tracking of the spacecraft
and (2) output the following:
e Azimuth and elevation angle data
e Spacecraft range and range rate

e. The subsystem must interface with, and perform in conjunction with,
other equipment items at the remote tracking stations (RTS) of the
Satellite Control Facility (SCF).

f. The subsystem must provide a secure communication link with the

spacecraft,

Detailed requirements are contained in General Specification WDL-SS-167211B,
Performance and Design Requirements for the Space-Ground Link Subsystem

Ground Station.

1.2 TRACKING

Both high- and low-gain SGLS configurations provide an automatic tracking capabil-~
ity in either a phase-locked or crosscorrelation mode of operation. The high-
gain antenna uses simultaneous lobing techniques, while the low-gain antenna uses
conical scanning. Automatic signal acquisition is accomplished by simultaneous
space and frequency search using variable sector and frequency scan widths and

rates. Measurement of range rates requires a coherent relationship between the
1-3
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signal tranamitted to the spacecraft and the return signal received by the ground
station. This relationship is discussed briefly in Paragraphs 1.3 and 1.4 and more
fuily described in Section 2. Typical tracking capability is tabulated in Takle 1-1.

TABLE 1-1

TYPICAL TRACKING PERFURMANCE

FHILECO - FORD CORPORATION

Wideband
Paramoter Phase Lock Mode {Crosacorrolation)
Mude
Tracking Bandwidth 1,0 kHz 5 MHsz
0,2 kHe 3 MHe
0.5 MHrx
Frequency Tracking Range 800 kHz (mix) N/A
Frequency Tracking Rate 14 kHr./sec (max) N/A
Angle
Rate at ieast 3 dag/nec
Error 1 mrad rms (typfosl for rleva-
tion angles helow 70%)
Readout 18 bits or 17 bits
Resolution 10 sec or 20 sec
Range
Error 30 ft rma (~120 dBm at racelver
{nput, neglecting propagation
uffects)
Readout 30 bits, 10 samples/sec max
Maximum Unambiguous Range at least 400, 600 nin{
Resolution 7.81t ’
Range Rate
Error 0,2 ft/sec rma
Roadout 24 bits at 1 sample/nec
Rerolution 0, 036 ft/sec

Maximum Range Rate

49,000 ft/sec

1-4
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1.3 UPLINK

The uplink operates on one of 20 preset channels in the 1750- to 1850- MHz frequency
band and uses a single carrier for transmission of multiplexed commands, pseudo~
random noise (PRN) ranging code, and analog data to the spacecraft.

1.8.1 Commanding

Uplink commands are transmitted in ternary digital

formats. Command data is transmitted by frequency TABLE 1-3
shift keying (FSK) three-command tone oscillators 8GLS COMMAND RATES
corresponding to the "1, "0", and "S" pulses of the Command Rate Bauds

’ Low 1, 20
ternary format. Table 1-2 shows the baud rates for ot o0, 1000, 200
the low, medium, and high command rates. A clock, High 10,000 & 100,000

or command sync signal, is also transmitted by ampli-
tude modulation of the tone oscillator output.

To provide a means of confirming that no errors were introduced in the transmitted
commands, the uplink carrier is sampled and command data detected to permit

an echo check (bit-by-bit comparison) of the commands initiated versus the com-
mands transmitted. This comparison is accomplished in the RTS data handling

complex.

1.3.2 Analog and Ranging Data

» In addition to digital commands, analog data and voice signals can be relayed from

the RTS control complex to the spacecraft via the SGLS uplink. One analog channel
with a 20~-kHz information bandwidth and one voice channel with a 3-kHz informa-
tion bandwidth are available. Analog data frequency modulates a 1, 25-MHz subcar-
rier while voice signals frequency medulate a 30~kHz subcarrier.

1-5
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The FSK command signals, the 1. 25-MHz analog subcarrier, and the 30-kHz voice
subcarrier are combined with a PRN ranging code; the resulting composite base~
band is phase modulated on the uplink carrier. Figure 1-2 depicts this uplink fre-
quency spectrum and Table 1-3 summarizes the uplink baseband structure.

TABLE 1-3
UPLINK BASEBAND STRUCTURE

Data Type Data Bandwidth Subcarrier Subcarrier Subcarrier
yp or Bit Rate Frequency Modulation Deviation
Voice 0.2 to 3 kH2 30 kHz Frequency |*3 kHz maximum
modulation
Analog 0.1 to 20 kHz 1.25 MHz Frequency +30 kHz
modulation
PRN Range Code 1 Mbps N/A N/A N/A
or Range Clock 0,5 MHz N/A N/A N/A
Commands 1 bps-100 kbps | 2,05 kHz-1,073 MHz | Frequency Variable *
_ shift keyed
Command Sync N/A N/A Amplitude N/A
modulation

' *See Table 4-1 for subcarrier frequencies.

In the vehicle, the multiplexed information is recovered and processed to ac-
complish the various spacecraft control functions, In addition, the uplink carrier
is sampled in the vehicle receiver to derive a coherent drive for the Carrier 1

downlink transmitter,

Further, the ranging code is detected, multiplexed with other vehicle data, and
retransmitted on Carrier 1 for subsequent range measurement in the ground station.

»
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1.4 DOWNLINK

The downlink operates in the 2200~ to 2300-MHz frequency band and provides for
transmission of PCM telemetry, wideband analog data, and either one 3-kHz voice
channel or one 20-kHz analog channel. Two downlink carriers are used. Carrier 1
is phasie coherent with the uplink carrier, Carrier 2 is noncoherent and is centered
5 MHz below the frequency of Carrier 1. Figure 1-2 illustrates these relationships.

1.4.1 Carrier 1
Data multiplexed on Carrier 1 includes the following:

e PCM telemetry data biphase modulated on a 1.024-MHz subcarrier
with rates ranging from 8 bps through 128 kbps

® Wideband analog data (PAM/FM or FM/FM) frequency modulated on a
1.7-MHz subcarrier (The 1.7-MHz subcarrier may provide additional
PCM telemetry instead of PAM/FM or FM/FM through biphase modu-
iation of the subcarrier at rates ranging from 125 bps through 256 kbps.)

e One 3-kHz voice channel or one 20-kHz analog data channel
frequency modulated on a 1.25-MHz subcarrier.

The PRN ranging code is combined with this data and the resulting composite
baseband phase modulates the Carrier 1 transmitter. Table 1-4 summarizes the

baseband structure of Carrier 1.

In the ground station, the received range code is compared with the original trans-
mitted code to determine the round trip delay. The latter is then converted to
vehicle range. Range rate is derived from a measurement of the two-way doppler

shift on coherent Carrier 1.

1-7
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TABLE 1-4
NDOWNLINK BASEBAND STRUCTURE
CARRIER 1
Data Type Dats Bandwidth Nominal Suboarrier Suboarrier
or Bit Rate Subcarrier Modulation Daviation
Feaquency
Volge 0.,1t0 3,8 kHz 1.0 kH» peak to peak voice
or
Analog 0.1 to 20 kHz 1,25 MHz FM 15 kMe peak to peak analog
IRIG Channels 1-21
Telemetry and A-H 1,7 MHz M 75 kHe peak to peak
or .
PAM to 20 ke 1,7 MHz FM 75 kHz peak to peak
or
PCM 0,125 to 256 kbps 1,7 MHz PSK (biphuse) £00°
PCM 0,0078 to 128 kbps 1,024 MHz PSK (biphaso) £40°
PRN Ranging 1 Mbps N/A N/A N/A
Code
or
Range Clock 0,5 MHz N/A N/A N/A
CARRIER 2
4
Data Type Data Bandwidth Carrier Carrier RS
or Bit Rate Frequency Modulation ’ ‘,-‘
o
- |
PCM 128 to 1024 kbps 5 MHz below Direct biphase ;f‘)e
Carrier 1 ﬂ’?‘
\,)( .,n‘
CARRIER 3
Coarrier
Dats T Data Bandwidth Fi Carrier
s Type or Bit Rate roaq't::’ncy Modulation
) Wideband Data 30 Hz to 200 kHz 2200 MHz to EM
30 Hz to 1 MHz 2300 MHz
30 Hz to 10 MHz

1.4.2 Carriers 2 and 3

The Carrier 2 transmitter is directly biphase modulated by PCM telemeiry data at
rates ranging from 128 through 1024 kbps. Provision is also made for noncoherent
tracking and demodulation of a very wideband direct modulation carrier (desig-
nated as Carrier 3) with information bandwidths ranging from 200 kHz to 10 MHz
available. Table 1-4 also summarizes the baseband structure of Carriers 2 and 3.

1-9
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1.4.3 PCM Telemetry

Two bit streams can be processed simultaneously by using two identical PCM
decommutation equipment items. Data processing control is provided by the RTS
data handling and control/display subsystems that operate in conjunction with com-
puter programs stored in the magnetic core memory of each decommutation equip-
ment item. Processed data is outputted to the RTS data handling subsystem for
further reduction and subsequent transmission to the Satellite Test Center (STC).
PCM data in various standard IRIG formats can be decommutated and ‘processed
by the ground station.,

In addition to the digital information provided to the RTS data handling subsystem,
each decommutator provides 20 analog and 32 discrete (relay) outputs to the RTS
FM/FM ground station, These RTS interfaces are discussed further in Paragraph
3.1.8. ’

To facilitate prepass checkout and aid in maintenance activity, a PCM simulator
that duplicates the function of a spacecraft PCM telemetry package is provided.
The simulator, which contains a separate magnetic core memory, may be loaded
with diagnostic programs to permit fault isolation on the primary data paths within

each decommutator,

1.4.4 Data Recording

In addition to handling a full complement of data in real time from a SGLS instru-
mented spacecraft, signals may be recorded on magnetic tape for non-real-time
processing. Two identical seven-track recorders, with selection of input and

output signals contrelled by prepunched IBM cards, make available a wide variety
of recording and playback configurations to satisfy diversified program requirements.

1-10
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1. 4,5 Analog Data

As shown in Table 1-4, Carrier 1 has either PCM data or PAM/FM or FM/FM
telemetry data available on the 1, 7-MHz subcarrier. Ground station processing

is limited to one of the three data types since they use a common subcarrier,
PAM/FM (or FM/FM) data are translated from the subcarrier frequency (1.7 MHz)
to 10 MHz and provided to the RTS FM/FM subsystem for subsequent demodulaltion

and data processing. PCM data on the 1, 7-MHz subcarrier are demodulated..g I,
decommutated, and outputted to the RTS data handling subsystem, :

Carrier 1 also provides a 3-kHz volce channel or a 20-kHz analog data channel
frequency modulated on a 1, 25-MHz subcarrier. Following demodulation in the
SGLS ground station, these signals are available to the RTS,

1.'4. 6 Communications Security
- !
The SGLS ground station design is compatible with Communications Security
(COMSEC) equipment to permit either clear or encrypted uplink command trans-

mission and processing of either clear or encrypted downlink telemetry data.
Selection of secure or clear modes of operation is controlled by the RTS data

handling subsystem,

1-11
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SECTION 2

TRACKING SUPPORT

SGLS tracking support permits determination of spacecraft ephgmeris through
measurement of the relative position and motion of the vehicle. This support
congists of azimuth and elevation fangle tracking, range tracking, and range-rate
determination. This section describes how each of these support functions is
accomplished and summarizes the results of analyses that were conducted to deter-
mint their expected performance.

2.1 TRACKING FUNCTIONAL DESCRIPTION

2.1.1 Angle Tracking

Each of the two antenna types that interface with SGLS uses a different technique
for developing angle-error signals. The high~gain antenna uses simultaneous
lobing, while the low-gain antenna uses conical scan. The receiver is designed
for operation with either technique.

Simultaneous Lobing

Angle-error signals are generated in the high~gain antenna by an amplitude-
comparison simultaneous-~lobing feed and comparator. The feed arrangement and
comparator network combine the signals from two pairs of feed horns to form a
sum (or reference) signal and two orthogonal error (or difference) signals.

Figure 2-1 shows the arrangement of this equipment. When the antenna is pointed
at the source, the output of the sum channel is at a maximum, and the outputs of
the error channels are zero. Misalignment of the antenna produces error-channel
signals whose phase, relative to the reference channel, indicates the direction of
displacement, and whose amplitude, for small displacements, is directly propor-
tional to the angular misalignment. These signals are fed to the three-channel

2-1
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Dewnlink Downlink '
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Figure 2-1 High-Gain Antenna Feed and Comparator

receiver. The sum channel (reference) receiver is a triple-conversinon phase-lock
design. The error-channel receivers are similar with gains normalized to the sum
channel gain by AGC.

The output of the two error-~-signal demodulators are voltages whose polarity repre-
sents direction of angle error and whose amplitude represents the magnitude of the
error. These voltages are applied to the azimuth and elevation control inputs of
the antenna servo system. Angle deta for entry into the RTS computer are derived
from digital encoders on azimuth and elevation axes of the antenna.

2-2
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Conical Scan

The low-gain antenna is a conical-scan tracking antenna. A nutator in the feed
causes the electrical axis to describe a cone about the antenna’s mechgnical axis.
Any signal not on the antenna axis will be amplitude~-modulated, with the tracking ]
error magnitude represented by the amplitude, and the error direction by the phase,
of the error signal. The sum-channel receiver and one error-channel receiver are
used. Both are fed from the conical-scan feed. The output of the errcr~channel
receiver is a sine wave (obtained by demodulating the signal envelope) that carries
the relative amplitude and phase of the error modulation.
Narrowband signals are detected in the phase-lock mode and coherently demodulated
by the error-channel receiver, Wideband signals are demodulated by an envelope
detector. Use a separate error-sign: ~  ~eiver permits greater flexibility in

’ sele.:ction of AGC characteristics, *

The conscan feed has a reference generator coupled to the nutator shaft, which |
generates voltages in quadrature. These carry the phase reference for conversion

of the receiver error signal into servo error inputs having mmagnitude and direction.

2.1.2 Ranging

The distance between spacecraft and greund station is determined by measuring
the round-trip path delay of a radio signal transmitted to the spacecraft and
retransmitted to the station. If the transmitted signal is represented by f(wt),
then the received signal is flw(t +7)], where T represents the path delay. Since
the delay time T is 2r/c, where r is the range and c is the velocity of propagation,
then the received signal is represented by f[w(t + 2r/c)].

In principle, the range can be measured by searching for correlation between the
received signal and a replica of the transmitted signal incrementally delayed
relative to the transmitted signal. Ambiguities (i.e., multiple correlations) can

*Refer to Volume I, Appendix G for a detailed analysis of AGC selection,
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be avoided through use of a function that has a period equal to or greater than the
maximum range delay to be measured. SGLS uses a PRN function that is derived
by a logical combination of a 500-kHz clock and four independent 1-Mbps binary-
coded sequences of PRN codes.,

Figure 2-2 is a simplified block diagram of the ranging process. The range
measurement is made in two steps., First, the 500-kHz clock component of the
received signal is acquired hy a phase-locked loop. The phase of the locked oscil-
lator relative to that of the transmitter clock is then measured. The phase meas-
urement is made at the 32nd harmonic of the clock (16 MHz), and threshold circuits
identify the phase displacement in increments of /2 radians. Each time the phase
1ncreinents by 7/2, an appropriate number is added to a range talley accumulator,

As a consequence, the system tracks the spacecraft with a fixed range error equiv-
alent to 2n7 radians at the clock frequency (equivalent to a 4n bit displacement
between the transmitted and received PRN sequence).

10-MHz Reference

PRN

10-MHz

- ts
10-MHz 10-MHz Ref x PRN |  g;oh -ompanen
IF B Phase Mgds :wr Clock é:%:‘r"r e
(Clock + PRN) Detector
Demodulated Clock Component
(Clock + PRN) - PRN §
E::z:; — ) " Correlation f‘q}"m'i” ,._J_
ic
Loop Reconstructed Detector °e
Incoming 1 Mop
$
Code Clock Clock Receiver Clock
Transfer Loo,
Run ' Phase- i
%2 16 Fine-Range
¢ -~ LL°°k‘d Multiplier xMuhip“er \ipdare
I o
Sync *® | L Dual o
. Phase o0° $°"‘9'
: , Detector ally
ransmit
%2 x16
g-(')g‘:ﬁz Multiplier T Multiplier i
1 ‘ Octal Output
[E 500 kHz 1 Mbps Digital Range Buffer
i -—] Clock Display
!
PRN R
Clock + 4 PRN Codes m:::::'o?r é’;;‘:_"" Sync ta Start Receiver Coder ‘
To Cround L | Range Number to RDT

Transmitter

Figure 2-2 Ranging, Simplified Block Diagram
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The second step in the range measurement consists of developing a replica of the
transmitted code and delaying it long enough to develop maximum correlation of
the delayved replica with the received signal, Doppler compression of the received
envelopu 1s compensated for by using the locked ascillator (received clock com-
ponent) for developing the replica. A range number equivalent to this time delay
(which is eyuivalent to the 2nr radian error previously mentioned) is then added to
the accumulator to deveiop tas correct range value,

The SGLS system acquiresthe received FRN code one sequence at a time, then
combines the properly phased sequences in accordance with the same logical func-
tion that is used for generating the transmitter code. This technique reduces the
acquisition time from a factor proportional to the product of the lengths of the
individual sequences to the sum of their lengths.

2.1.3 Range Rate

Range rate is determined by using the vehicle phase~lock transponder, which gen-
erates the ccherent carrier at a rational fraction of the received frequency (256/
205). The vehicle transponder is illuminated by the ground transmitter oporating
at a frequency of ft' This produces a received signal at the vehicle of ft plus one-
way doppler shift. This frequency is multiplied by 256/205 and retransmitted to
the ground, where it is received with additional one-way doppler, Precise range-
rate data may be extracted through appropriate mixing of the received signal with
signals from the ground transmitter. Phase-lock techniques are used in the ground
receiver to (1) provide an efficient tracking filter for the received carrier, and (2)
permi{ near-uptimal deniodulation of the telemetry and ranging modulation on this

' signal.
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Figure 2-3 is u simplified block diagram showing the doppler extraction process
at the ground station. The doppler frequency is obtained from the reference
receiver voltage~-controlled oscillator (VCQO) output signal. Although this signal is
phase -locked to the received frequency, it contains a bias because it is a sub~
multiple of the receiver first local oscillator (LO) frequency.

After down-translation, this signal is mixed with submultiples of the transmitted
frequency and then with a multiple of the receiver reference oscillator frequency

Lo remove the bias. The result is a signal that is a function of the tranzmitted
frequency and tiie two-way doppler shift. This signal, together with a submultiple
of the transmitted frequency, is applied to a counting circuit which produces a num-
ber that is a function of doppler shift only. This number is treated mathematically
by the RTS computer to determine the range rate.

Referring to Figure 2-3, the transinitted frequency is ft‘ After multiplication
in the space-vehicle transponder and two--way doppler shift, the received fre-
quency (frc) is

2
= 256 - X + X—-
Fre = 205 ft<1 23 cz) (1)
Since c¢ >>>v,, the quadratic term may be neglected, resulting in a frequency
(fr) of
- 238/ oY 2
fp = 205 &\L zd) (2)

Manipulation of this signal results in an input to counter n, with a frequency
(fnl) of
ft v c
= ———(1 + 2048—c—) (3)

f :
n1 820
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The input frequency (fn ) to counter n 9 is
2

f,, = 64 (4)

The counters are arranged such that both counters start simultaneously and counter
D, is stopped by a signal from counter n, . The start of the counters is controlled
by switch settings and pulses from the timing terminal unit (TTU). The stop signal
for counter n, is generated by n, when it is filled.

The count contained in n, after any period t is
=04 ¢ (5)

Now t is determined by the length of time required to fill counter n, which is
given by

£ (6)

Substituting this result into Equation (5) gives

f n
Y AY Y
N, =BT (7)
ny

Again substituting from Equation (3) and collecting terms, we have

n,c
_ {205} 1
B T (16/(0 +2048v> (8)
Since ny and ¢ are constants, n, is a function of velocity only; the effects of

transmitted frequency have been eliminated.
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2.2 TRACKING PERFORMANCE

Tracking acocuracy is affected by error contributions from many sources. Analyses
were performed to determine the nature and magnitude of the individual contribu-
tors and the overall (rms) error for each tracking function, Since tracking accurdcy
is also affected by the characteristics of the spacecraft orbit, five examples were
considered. Pertinent parameters for the orbits are given in Table 2-1. In sum-
mary, the accuracies were determined to be as follows:

e Angle Tracking: less than 1.0 mrad bias error; less than 1,1 mrad
rms noise error for both azimuth (secant-corrected below 70°) and

elevation

e Ranging: less than 30 ft rms for both bias and noise errors at a
carrier power of -120 dBm (referenced to the parametric amplifier
input and neglecting the effects of propagation errors)

e Range Rate: less than 0.2 ft/sec rms for both bias and noise
errors (neglecting the effects of propagation error)

N TABLE 2-1

ORBITAL TYPES AND PARAMETERS

Maximum Maximum
Type of Meximum | Radial Radial Thaximum
Orbit (nmﬁ) Velocity Accelcra'tlon I‘()I'l, 7
. (103 ft/sec) (ft/sec?) (kiz

100, 000 nmi 100, 000 40,0 1920 175
(Worst Case) .
50 nmi 290 25,4 2150 114
(Circular)
120 ami 600 25,3 1040 114
(Circular)
60600 nmi 5, 000 6,0 3 26
(Circular)
150 to
60, 000 nmi 60, 000 35,4 1430 163
(Elliptical)

Each of the above tracking functions is discussed in greater detail in the following
subpar agraphs.
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B 2.2,1 Angle Tracking Accuracy

The basic parameters of interest in a discussion of angle tracking performance are
(1) the angular velocity and acceleration requirements for the antenna structure
and (2) the system tracking errors,

. ]

The peak angular velocity capability (imposed by the servo saturation character- .
istics) places a fundamental limitation on the ability of a two-axis azimuth-
elevation antenna to track vehicles passing close to the zenith. This is the well-
known ''keyhole effect,

For tracking of low circular orbits to be possible, the approximate inequality

=<

) 2

max tan 6 el

must hold, where ¢ is the maximum azimuth angular velocity capability of the
antenna, v is the linear velocity and h the altitude of the vehicle. 6 el is the maxi- .
mum elevation angle of the vehicle viewed from the antenna site. To illustrate,

for the high-gain antenna, 93 is 15° /sec, indicating that azimuth tracking capability
will be exceeded at elevation angles greater than 81° for a 100-mile circular orbit,

The angular acceleration effect, on the other hand, is a limitation in the sense
that acceleration-induced tracking errors in type 2 servo loops can exceed the
system angle tracking capability. These considerations are treated in some depth
in Part 2 of this volume (Paragraph C, 6).

Appendices C and D analyze the various sources of angle tracking errcrs, These

error sources are categorized as: RF, Propagation, Servo, Mechanical, and
Calibration, with contributions within these categories originating in some sixteen
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sources, Figures 2-4 through 2-7 summarize the error performance of the angle
tracking systems for both the high~ and low-guin antennas. In all cases, elevation
errors are seen to be less than 1 mrad, as are azimuth errors for eleva-
tion angles less than about 70°, The rapid inorease thereafter is due to the

elevation secant correotion factor that must be applied to many of the azimuth error
terms,
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Comparison of the low- and high-gain antennas shows that noise errors exceed
bias errors in the low-gain case, whereas the reverse is true for the high-gain
antenna., This result is largely due to the collimation and polarization errors
assigned to the high-gain antenna, plus the phase and amplitude unbalance errors
that apply only to the high-galn simultaneous-lobing tracking antenna.

2.2,2 Ranging Accuracy

PRN ranging system accuracy is affected by the following factors:

Receiver noise

Oscillator stability
Dynamic errors

Phase instability
Quantization error

Time measurement errors

Propagation errors

Uncertainties in the velocity of light and station location are not included. Some
of the error sources produce bias errors that vary slowly with signal level, tem-

perature, and component aging. Others give rise to more rapid fluctuations

(noise errors). In Table 2-2, hias and noise error rms values are presented for
the orbits listed in Table 2-1. The bias and noise errors for the hypothetical worst
case are 36 and 32 ft, respectively.

The random noise analysis (Volume III, Appendix II) shows that at a subcarrier

t " signal-to-noise density ratio of 26.6 dB-Hz, the required accuracy of 30 ft rms can
be met. This condition, defined as ranging threshold, includes the effects of uplink
noise, which is "turned around' along with the PRN code. For applications that
require range and range-rate data only, range and range rate threshold simulta-
neously when the PRN code deviation is 0.3 rad peak. Acquisition times for the
short (5,000 nmi) and long (400,000 nmi) codes are 1 and 4 min, respectively, at

threshold (Volume III, Appendix IX). Smaller acquisition times can be traded in

direct proportion for increased signal power (Figure 2-8),

2-12

WDL Division

|
|
|
|
|
|
|
1
|
|
|
l
I
I
I
I
I
|
I

[ PRiLcO (:)

PHIL GO ORD CORHPUORATION




WDIL-TR38227-1
Volume I, Part 1

TABLE 2-2

RANGING ERROR RM8 VALUES (FT)
(Bias and Noise Error rms Values for Orbita of Table 2—1)‘

100, 000 nmi 50 nmi 120 nmi 8, 000 nmi 150 to 60,000 nmi
Error Source (V/orst Case) (Circular) (Circular) (Circular) (Elliptical)
Blas Noise | Bias Noise | Bias Noise | Blas Noige | Bias Noise -

Receiver nmub 30,0 ——— 0.4 4.0 21,0
Ouclllator noise 8,0 ——— 6.0 ———- 5.0 ———— 5,0 .——— 5.0 ———
Dynamic errors

Velocity 10,0 8.3 ———— 0.1 ——

Acceleration 16.4 ——— 2,6 -——— ————
Phase instability 13,8 13.8 13,8 13,8 13,8
Quantization 2,3 2.3 2.3 2.3 2,3
Time measgurement 10,0 10,0 10,0 10,0 | 10,0 10,0 10,0 10,0 | 10,0 ~10.0
Reflections 7.0 7.0 7.0 7.0 7.0
Propagations® 17,0¢ 0.3 2,0 0.3 | 6.0 0.3 17,0° 0.8 | 8,0 0,3
Total rms error (ft) 36.4 32,0 19,6 10,0 } 19,8 10,0 25.17 11,0 | 20,6 23.0

8 Required ranging accuracy: 30 ft (rms) (-120 dBm carrier power at the parametric amplifier input - neglecting propaga-
tion error), tropospheric bias error corrected, ,

b Downlink Power Budget assumes threshold occurs at 100, 000 nmi range,

e Ionospheric and tropospheric bias errors corrected.

The acquisition times shown do not include the time required for acquiring the
500-kHz clock, which is done automatically. Also, the acquisition times shown in
Figure 2-8 are ideal since the integration times for each code phase are available
only in binary multiples of a major machine cycle (124 usec). These times, there-
fore, may be optimistic by as much as a factor of 2. Clock-loop bandwidth switching
is provided with three bandwidths available; 1, 4, and 12 Hz, The 4-Hz band-
width would be chosen for normal operation since it combines reasonable dynamic
errors with satisfactory noise performance (Volume IIl, Appendix II). At ranging
threshold power levels, the medium bandwidth loop (4 Hz) expands to 28 Hz band-
width, whereas the wide (12 Hz) loop is about 50 Hz (Figure 2-9). The doppler and
frequency uncertainties are in the order of 50 Hz.

2-13

[eriLco ( o

PHILECO - FORD CORPORATION

WDL Division




WDL-TR3227-1
Volume I, Part 1

—{ ovusj e

-110
LR .
-120)%%-2
| .
1 \
-130 1 I\ .
§ L :
3 R LN \ - .
£ § N
g E g Long .
of 5 < 'g_ 2 Code .
=< \‘ \
B Short
-160 Code \
170 ) | I S W ] | ] ol
1 10 100 1000 10,000
Acquisition Time (sec)
Figure 2-8 Range-Code Acquisition Time for 99.9% Probability of Acquisition
=120

-130 /

-140

5 | | ///
) -
)
& -150 /
& f
.g - é‘oq‘ “.%‘bo
e
8 Threshold
60 VAWt '
12-Hz -
- 4<Hz
170
0.8-Hz "
-180 | L1 1 L4l | [t { L1
0.1 1 10 100 1000

Noise Bandwidth, 2 BL (Hz)

Figure 2-9 Clock~Loop Noise Bandwidth vs Ranging Signal Power

2-14

PHILCO l

P 20 DIRD CORPORATNICIN

WDL Division




WDL-TR3227-1
Volume I, Part 1

fn addition to random noise and dynanic errors, phase instability in the vehicle
and ground receivers, quantization, and time measurement errors are important
contributors to the total range errcr. Phase shift variations at 500 kHz have been
measured on the SGLS transponder and the grovnd receiver. The largest con-
tributor (14 ft rms) is the estimated phase error in the analog range extraction

equipment (e.g., the range clock loop and code-clock transfer loop) resulting from
phase detector unbalance and finite loop gain, Quantization error is in reality the
resolution and refers to the smallest time interval which the system can measure.
In the error budget, however, the rms value of this quantity is used rather than

the maximum value. Timing errors are estimated total values for the digital equip-

ment involved in the range measurement.

Propagation errors caused by the troposphere and ionosphere are significant con-
tributors. The tropospheric bias error may be corrected by measuring the sur-
face refractivity index and assuming a standard refractivity profile. A small
residual error should result. The ionospheric error must also be corrected if the
desired accuracy is to be achieved; otherwise this error will be about 50 ft for
vehicles above 300-nmi altitude. Because of the variability of the ionosphere, the
correction is more difficult to make, requiring multiple frequency measurements.
A residual error of one-third the bias has been assumed for the higher altitude

orbits.

2.2.3 Raggre-Rate Accuracy

The range-rate error budge. involves the definition of the following factor~ that
contribute to the total error (Volume III, Appendix I). '

Thermal noise
Oscillator noise

Quantization noise

Uncertainty in the velocity of light

Propagation error
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TABLE 2-3

RANGE-RATE ERROR RMS VALUES (FT/S8EC)
(Blag and Noise Error rma Valuea for Orbits of Table 2-1)%

100,000 nmi 80 nmi 120 nmi 6, 000 nmi 150 to 60, 000 nmi
Error Source (Worst Case) {Circular) (Ciroular) (Circular) (Elliptical)

Bias Noise | Bias Noise | Bias Noine | Bias Noigse | Bias Noise
Thermal noise 0,018 ——— 0, 0001 0, 0002 0, 00617
Oscillator noise 0,030 0, 0017 0, 0018 0, 0087 0, 0018
Quantization U, 0256 0,025 0, 025 0, 025 0.025 :
Velocity of light 0,082 0,033 0,034 6. 0078 0,049
Propagation error 0.1P 0,002 | 0,037® | 0,026 |o,63® 0,26 0, 0639 0,002 |o,1¢ 0. 026
Subtotala 0,112 ' <0, 043 | 0,060 0,036 (0,071 0,038 |0,083 0,025 {0,115 0, 036
Total rms error 0,120 0. 062 0,079 0,068 0,120

(ft/sec)

a Required range-rate accurucy: 0,2 ft/sec (rms) neglecting the effecta of propagation,
b Tropospheric bias error corrected,
¢ Jonospheric and tropospheric bias errors corrected,

N
Iy

Range-rate errors res'b.lting from theée sources are tabulated in Table 2-3 for

various orbits.

Total rms errors in all cases satisfy the required range-rate accuracy of 0.2 ft/

sec. The worst case and elliptical orbits exhibit the greatest error: 0.12 ft/sec.

The grestest contributor. in all cases is the propagation error, and in all cases the
tropospheric bias error is assumed to be corrected. In addition, for orhbits pass-

ing near the altitude of the ionospheric Fma % (166 nmi), the ionospheric bias

error must also be corrected in order to achieve the desired overall accuracy.

This is the case for the perigee of the elliptical orbit as indicated in Table 2-3.

The residual error after correction is assumed to be about one-third of the

initial bias. The fluctuation or noise errors caused by the propagation medium are *

quite acceptable. -

2-16 ?

PHILCD l

P O F OHD CORPORATION

WDL. Division i




WDL-TR3227~1
Volume I, Part 1

Among the other sources of error, uncertainty in the velocity of light is seen to ke
an important contributor to the bias. Thus, both major error scurces are ex-
ternal to SGIS. Furthermore, both are bias errors that are not subject to smooth~
ing over several observations. The SGLS contributions to range-rate errors
(thermal noise, oscillator noise, and quantization) are essentially random phe-
nomena, the effects of which can be reduced by repeating sampling. For the worst-
case orbit, these three errors are each maximum and about one-tenth of the total
accuracy requirement, The thermal and oscillator noise effects are mission-
dependent, while quantization error is not,

The quantization error is subject to further reduction should this prove desirable.
Since the doppler frequency is mcasured by counting the cycles (nz) of a reference
pscillator during the time required to complete a predetermined number (nl) of
doppler cycles, the error due to the one-count uncertainty in stopping the reference
counter can be reduced by increasing the counting frequency.
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SECTION 3
DOWNLINK SERVICES

SGLS downlink services provide for the transmission of telemetry, analog, and
voice information from the spacecraft to the ground station, This section de-
gscribes these services as well as the downlink structure and the signal detection,
decommutation, and data distribution functions. This description is followed by
an examination of the effects of interference between downlink services and,
lastly, by an analysis of downlink performance in terms of system noise temper-
ature, dynamic range, and the various service thresholds. In view of the large
number of options available, a procedure is also included to assist the SGLS user
in determining the performance of a specific combination of services.

3.1 DOWNLINK FUNCTIONAL DESCRIPTION

3.1.1 Downlink Structure

Downlink services are transmitted on three carriers (Carriers 1, 2, and 3) that
are available in a variety of combinations. Services on Carrier 1 are multiplexed
on three separate subcarriers, while direct carrier modulation is used on Car-

riers 2 and 3.

Carrier 1 may be used singly or together with Carrier 2, Carrier 2, however,
may not be used except in conjunction with Carrier 1. Use of Carrier 3 pre-
cludes the use of the other carriers. These options are illustrated in Figure 3-1.

Carriers 1 and 2 each occupy a 5-MHz RF bandwidth with the Carrier 2 center
frequency 5-MHz below the center frequency of Carrier 1. Each of these carriers
occupies one of the 20 downlink channels available in the 2200 to 2300-MHz fre-
quency band. A 1-MHz guard band is provided between the two carriers in the
adjacent channels.,
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Carrier 3 occupies up to a 835-MHz RF bandwidth and provides a wideband com~
munication downlink, These frequency relationships are illustrated in Figure 3-2,

Carrier 1

Carrier 1 is a rational fraction (256/205) of, and is phase coherent with, the up-
link carrier. (In the absence of an uplink carrier, drive to the Carrier 1 trans~
mitter can be generated locally in spacecraft.)

The baseband of Carrier 1 consists of three subcarriers and the PRN ranging sig-
nal. The three subcarriers may be used separately or in any combination. Their
center frequencies are 1.024, 1.25 and 1.7 MHz. This baseband, in turn, phase
modulates the RF carrier.

1.024~MHz Subcarrier. The 1.024-MHz subcarrier transmits low-rate PCM with
bit rates from 7.8 bps through 128 kbps (see Table 3~1). These PCM data phase
modulate the subcarrier +90 or -90 degrees in each bit interval.

1.25-MHz Subcarrier. The 1,25-MHz subcarrier is frequency modulated by
either voice communications or analog data. The information bandwidth for voice
communications is 3.5 kHz with a predetection bandwidth of 25 kHz. For analog -
data, the information bandwidth is 20 kHz with a predetection bandwidth of 155 kHz.

1.7-MHz Subcarrier. The 1,7-MHz subcarrier has a predetection bandwidth of
660 kHz and is modulated by either PCM, PAM, or FM telemetry data., The PCM
data biphase modulates the subcarrier at bit rates from 125 bps through 256 kbps
(see Table 3-1), while frequency modulation is used for PAM or FM telemetry
data.

PRN Ranging Signal. The PRN ranging signal is either a 1-Mbps PRN code or a
500-kHz clock signal that is extracted from the uplink carrier by the spacecraft
receiver and inserted in the Carrier 1 downlink baseband. This signal, as pre-
viously noted in Paragraph 2,1.2, is required for range determination by the

ground station.
3-3

::'PHILCO WDL. Division

PHILLCO - FORD (.‘f)ﬂi"DHAT‘ION

N




WDIL.-TR3227~1
Volume I, Part 1

™
it fumin

[ Y -
2 F) ot MM | voIcE O
I\ ANALOQ DATA
HIGH MY RATE PN
PCM DATA gll!lglll'*‘(l‘
LOWRATE
PCM DATA MM OF PAMAM
M/
" "t 9 u - -
H 4 yu& Ldpidefusncnd  frmmsend] REQ (MH2)
50 71 + 121,25 <1024 CARRIER | R TR T L 2300
'-—.'o.s MM CARRIER 2 ! MH'|__—-| 0.5 HHs H
3 MMy e $ MHz |
! I

] - UPLINK CARRIER FREQUENCY
F CARRIER | FREQUENCY

F, - CARRIER 2 FREQUENCY

F

..~ CARRIER J FREQUENCY

-

WIDEBAND FREQUENCY-MODULATED DATA

N

our, 17

e —— 3 MH2,

s i
CARRIER 3

=] FREQ (MHID)

2300

Figure 3—-2 Downlink Baseband

TABLE 3-1

PCM/PM TELEMETRY DATA RATES (kbps)

Carrierl
- Carrier 2
1,024 MHz Subcarrier 1.7 MHz Subcarrier
0. 0078126 0.125 128
0.03126 0.25 256
0. 0825 0.5 512
0.45 1.0 750
0.5 2.0 1024
1.0 4.0
1.6 8.0
4,0 16.0 "
I 8.0 32,0
32.0 64.0
51.2 128.0 '
64.0 ‘ 266.0
128.0
3-4

PHILCO - FORD CORPORATION

iy

WDOL Division




WDL-TR3227~1
Volume I, Part 1

Carrier 2, Carrier 2 is noncoherent with the uplink and is biphase modulated by
high-rate PCM data at bit rates of 128 kbps through 1. 024 Mbps (see Table 3-1).
As indicated earlier, the center frequency of this carrier is 5 MHz below the
center frequency of Carrier 1.

Carrier 3. Carrier 3 is a noncoherent, wideband, frequency modulated service
that may be used to transmit either analog or digital data. Information bandwidths
of 0.2, 1.0, and 10 MHz are available.

3.1.2 Signal Detection

To accommodate functional requirements imposed by the structure of the downlink,
the ground receiver must

® Receive and coherently demodulate to baseband the S~-Band PM
multiplex carrier (Carrier 1),

e Simultaneously receive and translate to 45 MHz a second wideband
signal (Carrier 2) that appears 5 MHz below Carrier 1.

e Receive and noncoherently demodulate to baseband a wideband FM
carrier (Carrier 3), Carrier 3 not being present simultaneously
with Carriers 1 and 2.

Actual demodulation of Cevrier 2 takes place outside the ground receiver in a
physically separate unit, as does demultiplexing and subsequent demodulation of
the Carrier 1 subcarriers.

These requirements, plus a requirement for computer control of tuning by an
external computer, play a determining role in establishing the receiver design con-
cept described below. Additional features of the ground receiver (known as the
Ground Receiver and Analog Ranging Equipment — GRARE) provide for angle track-
ing, ranging, and range-rate determination. '
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The receiver is a three-channel device that processes sum and difference outputs

from the SGLS tracking comparator to yield azimuth and elevation error outputs. r
In an alternative mode for use with conical-scan antenna systems, the GRARE
develops a 30-Hz conical~scan error signal. The GRARE also performs the an-
alog functions associated with the extraction of range information, such as the
measurement of range-code correlation and code-clock acquisition. In addition,
the GRARE provides a 67,2~ to 70, 3-MHz signal that contains doppler shift infor-
mation for use by the range-rate extraction equipment,

Figure 3-3 i8 a simplified version of the SGLS ground receiver block diagram,
illustrating the design features described below.

Receiver Operation

RF and First IF, The receiver RF front end accepts an S-band input from the
parametric amplifier and converts it to the of 130-MHz first IF. Preceding the
first mixer are an S-band low-pass filter, an isolator, and an S-band preselector.
The preselector is a 5-pole Chebyshev filter with a 1-dB bandwidth of approxi-
mately 120 MHz that ensures 40-dB minimum first image rejection. Providing a
low-loss path for the input signal, the isolator attenuates the local oscillator leak-
age signal that appears at the RF front end. The lowpass filter further attenuates
the first image frequency along with any residual uplink signal that appears as
low-level parametric amplifier throughput or as RFI. High-side local-oscillator
injection is used in order to minimize the possible spurious output. The first
local oscillator is derived from the combination of a voltage-controlled oscillator
* and a frequency synthesizer, with the resulting signal multiplied X96 to the 2330
to 2430 MHz frequency range.

One of three bandwidths (35, 3.0, and 0.5 MHz) may be selected in the 130-MEz
first IF: these defining the noise bandwidth in the reception of the noncoherent
Carrier 3. Inthe coherent Carrier 1 and 2 mode, the 35-MHz bandwidth is

automatically selected.
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Second IF, The second IF frequency is 50 MHz, High-side local-oscillator

injection is again used in the second down-conversion, which results in transla-
tion of the Carrier 2 signal frequency to the desired 45 MiHz. The 180-MHz local
oacillator is derived, along with all other fixed frequency reference signals, from
a 20~MHz stable crystal oscillator.

Bandwidth selection also takes place at 50 MHz, A wideband (greater than 35 MHz)
filter is selected in the wideband Carrier 3 mode and a 4~-MHz bandwidth in the
Carrier 1 and 2 mode. The wide bandwidth ensures that Carrier 3 bandwidth
cor;j;rol takes place in the preceding (130 MHz) IF, while the 4-MHz bandwidth
position separates the 45-MHz Carrier 2 signal from the 50-MHz Carrier 1 signal.
Carrier 3 demodulation is performed at 50 MHz, Carrier 1is passed to a third IF
for subsequent demodulation, The gain of the 50-MHz IF amplifier is controlled
by an AGC signal derived from the third IF. The AGC loop design is considered
in detail in Volume II, Appendix G.

Third IF. The resulting 10-MHz signal is then distributed to the coherent Carrier 1
demodulator, to the phase-lock-loop detector, to the AGC detector, and to the analog
rang'irig section of the receiver, The derived AGC is used to control the gain of

both the 50-MHz and the 10-MHz IF amplifiers.

Local Oscillators. The fixed local and reference oscillator frequencies (180, 60,
and 10 MHz) are derived from the same stable 20-MHz crystal oscillator source by
multiplying X9, X3, and X1/2, respectively. The choice of this configuration was
based on information provided in Volume II, Appendix A.

The first local oscillator (180-MHz nominal frequency) completes the feedback path
of the reference phase-locked loop. This LO signal is derived by multiplying the
output of a frequency synthesizer by a factor of 96 in three stages (X3, X4, X8).
The output of the synthesizer, in turn, is developed by using the signal from the VCO
in the phase-locked-loop circuit as a base for incrementing the synthesizer output
frequency to the nominal frequency of the selected band, the nominal frequency of the
VCO is 25 MHz and the synthesizer output is variable from a nominal frequency of
24 MHz to 26 MHz, depending upon the band selected.

3-8
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The synthesizer is remotely adjustable in 100-Hz increments, giving a remote
tuning resolution of 9.6 kHz. The doppler tracking requirements on the VCO are
such that a VCO tuning range of #2.1 kHz (maximum) will cover the desired dop-
pler range of +200 kHz after multiplying the synthesizer output X96.

Reference Phase-Locked Loop. The primary function of the loop is to enable
coherent demodulation of Carrier 1, and secondarily, to provide coherent auto-

matic gain control,

Major design features of the reference phase-locked loop are the use of (1) the
long-loop concept and (2) the above-mentioned synthesized VCO.

The loop design, chosen as a result of the an'alysis reported in Volume II,
Appendix G, meets the SGLS incremental tuning requirements with low incidental
phase noise due to oscillator jiiter,

The loop consists essentially of the triple conversion RF/IF chain in the forward
path, a bandpass filter-limiter and a loop phése detector, followed by a VCO
synthesizer combination forming the feedback path. The loop is closed around the
first mixer at S-band. The 15-kHz bandpass filter~limiter combination provides
good performance at low signal-to-noise ratios, Noise suppression of the car-
rier in the limiter results in a decrease in loop bandwidth as the carrier-to-noise
ratio is reduced below about 6 dB, thus tending to partially offset the effects of

noise,

The loop has an active loop filter that gives a high dc-loop gain, enabling static
phase error less than 0.1 rad to be obtained at extreme frequency offsets. The
loop is also provided with an automatic acquisition feature. In this mode, the
loop filter is pulsed, causing the VCC to perform a sawtooth frequency sweep.
The sweep rate is chosen to be compatible with the ability of the loop to lock to
the signal without excessive sweep-induced phase error. Once acquired, the
presence of the signal is registered by a coherent amplitude detector and the
acquisition sweep is disabled, The sweep ranges and sweep rates corresponding
to the available phase-lock bandwidths are shown in Table 3-2, The loop damping
factor is 0,7 = 0,2 at high signal~to-noise ratios,

3=9
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Signal Demodulation

TABLE 32
RECEIVER SWFEP RANGES AND RATES Carrier 1, The PM Carrier 1
Lonp i e S;ﬁ?_'—T multiplex is demodulated to base-
@s° e (lizzse | band in a 10-MHz wideband phase
200 alo ] .
1000 100 " detector. This phase detector
5o | 4300 800 uses the same 10-MHz reference

source as the phase-locked loop,
except that the demodulator reference requires a phase adjustment to balance
out any residual phase offset that is due to the 10-MHz crystal filter in the ref-
erence phase-locked loop. The ground receiver outputs the resulting multiplex
for haseband separation and subsequent demodulation. Essential performance
features of the 1.024~, 1.25-, and 1.7~-MHz subcarrier demodulators are de-
scribed below, The demodulators are physically located in equipment items ex-

ternal to the ground receiver.

1,024-MHz Subcarrier. The 1.024-MHz biphase modulated PCM subcarrier is
separated from the Carrier 1 multiplex by one of six bandpass filters. It is then
coherently demodulated, the coherent reference being obtained from the sup-
pressed carrier signal by a squaring loop. The demodulated output then feedg a
bit synchronizer that regenerates the noisy bit stream using an integrate and
dump-matched filter. The predetection bandwidth is selected according to the
PCM bit rate, which may range from 8 bps to 128 kbps.

1,25-MHz Subcarrier. The 1.25--MHz subcarrier is also demultiplexed by
selecting one of two bandpass filters applicable to narrowband FM voice or gen-
eral purpose analog FM modulation. The filter bandwidths are 25 kHz and 155
kHz, respectively, The demultiplexed 1,25-MHz signal is applied to a modulation
tracking phase lock loop, with one output supplied to the user directly. A second
output is supplied vi~ a voice-bandwidth filter. This latter output may be mon-

itored with a loudspeaker.

1.7-MHz Subcarrier. Various techniques may be used to modulate the 1,7-MHz
subcarrier subject to the restriction of the 660-kHz wide demultiplexing bandpass

3-10
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filter. The demultiplexed suticarrier is output directly after translation to 10 MHz,
without deraodulation although an FM discriminator output also 18 provided for
monitoring purposes. This subcarrier channel is suitable for PAM/FM or IRIG
FM/FM telemetry channels.

A second optional application of the 1.7-MHz subcarrier is its use as an additional
biphase PCM channel. A 1,7-MHz PCM demodulator, actually operating on the
translated 10-MHz output signal of the demultiplexing unit, is also provided for
this purpose. The bit-rate capability is from 125 bps to 256 kbps.

Carrier 2, Carrier 2 also carries biphase PCM at rates from 128 kbps to 1024 kbps.
A separate Carrier 2 demodulator is provided to operate on the 45-MHz Carrier 2
output of the ground receiver.

The Carrier 2 demodulator extracts the PCM telemetry data by means of a data
phase detector, a loop phase detector, an in-phase quadrature (I-Q) multiplier,
and a loop amplifier/voltage-controlled crystal oscillator (VCXO). The Carrvier 2
demodulator receives the second IF from the reference receiver as an input.
Carrier 2 data is centered at 45 MHz, and appropriate {iltering used to reject the
50-MHz Carrier 1 signal. Coherent demodulation of the data is accomplished by
the conventional loop and data phase detectors, using the coherent 45-MHz VCXO,
The I-Q multiplier ensures that the correct polarity of error signal is appliéd to
the loop amplifier and VCXO during phase reversals that are caused by input bi-
phase data modulation, The multiplier effectively switches polarity of the loop
error signal as a function of PCM data polarity.

Carrier 3. Carrier 3 FM de- TABLE 33 f
modulation takes place within CARRIER 3 DEMODULATICN OPTIONS |
the ground receiver. A conven- T I Bandi T Biveband Widh

tional FM limiter difr ‘minator Liscriminator 35.0 10.0

is used in the very wi. .oand e L‘Zf:, o o

mode (35-MHz IF bandwidth)
while a modulation tracking phase-locked loop provides some degree of threshold

extension in the two narrower bandwidth modes. Baseband post-discriminator filter-
ing is also provided. Table 3~3 indicates the available bandwidth/demodulator com-

_ binations. 3-11
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3.1,3 PCM Decommutation

The PCM decommutation equipment (Figure 3-4) is designed to handle two
independent bit streams simultaneously. Handling of PCM data

consists of reconstructing the degraded serial data, finding the appropriate syn-
chronization patterns in the serial data, performing a serial-to-parallel conversion,
and outputting selected parallel data words to an external computer, To ensure

that sensitive data cannot be inadvertently obtained by unauthorized users, pre-
cautions have been taken to ensure that radiated and conducted signals are held

to very low levels,

20 32
Analog- Discrete
Outputs  Outputs

[

Data K GR-28 L Contel compuTER
SOne of : Clock | Data & Status
even Inputs 8l Dat GROUP -RZ Dat
~———={ SYNCHRONI ZER|—=22 —= =0
| SYNCHRONIZER[ o2 oo,
Data

Tape
Recorders

Figure 3—4 PCM Decommutation Equipment Block Diagrara

The bit synchronizer accepts a signal degraded by noise, jitter, baseline offset,
and other perturbations, and reconstructs the signal, along with generating a clock
signal at the input bit rate. Bit synchronizer inputs are selectable from three
demodulators, two tape recorders, the simulator, simulated encrypted data, and
one auxiliary input. Reconstructed serial data outputs with clocks are provided to
the KGR-28 decryption equipment and group synchronizer, An unclocked data out-

put is provided for postdetection recording.

Data inputs to the bit synchronizer may be automatically acquired at any one of 17
discrete rates between 7 bps and 1. 2 Mbps. Data rates at other than the discrete
frequencies can be accommodated by manual control. Input codes that are accom-
modated are shown in Figure 3-5. Bit-error-rate performance with any code is
within 1 dB of theoretical noise performance for that code. The group synchronizer
accepts either the KGR-28 output or clear data directly from the bit synchronizer.

3-12
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PCM CODE PULSE PATTERN EXPLANATION
vfolr|vfafofofr]rfo[s

NONRETURN -TQ--ZERO LEVEL

NAZL ¢ L. s (OR NONRETURN-TO-2ZERO CHANGE):
"One", one levet
“Zaro", other level
(]
NRZ-M 4 L_, NONRETURN-TO-2ERQ MARK:

“Ona’, a changa in level
“Zero", no change in level

0
NRZ-S L__‘ _j NONRETURN -TO-ZERO SPACE:
“Ome’’, no changs in level
*2ero"’, a change in level

R2Z : _I -ﬂ_l _FU ._r REIUHZL-TO-:ZE{FIT):
woe S UTLLILITLALLLALT

,_L “'Zero", no-pulse condition

_r BIPHASE LEVEL:

“One*, a 10"
"Zero", & 01"

Bip -M : _rl;_.J.].]-LI_.I__J—‘]_rl_rl__[’.h BIPHASE MARK:

A transition occurs at the beginning of every bit period
‘One’’, a sacond transition half-bit-period later
"Zero"”, no second transition

Bip-§ : .—Jmﬂqﬂmmmt—.nrj BIPHASE SPACE:

A transition oceurs at the beginning of every bit pariod
1jo0jv!r]ofoOjOft[|V1]0]1 *‘One’’, no second transition
“Zero", & sacond transition half-bit-period later

Figure 3—5 PCM Codes

Mainframe and subframe synchronization pattern search is performed by the group
synchronizer. Synchronization patterns may be from 4 to 64 bits in length and may
be syllabized into as many as 16 syllables with a minimum of 4 bits per syllable.

As many as four asynchronous subframes or sub-subframes may be accommodated.
Subframes may be the recycle type (synchronization patterns) or identification type,
Main frame length, subframe length, and the number of synchronous subframes are
unlimited except that the program to handle them must be stored in 4096 24-bit

words of core memory.

After having found the main and subframe synchronization pattern, the group syn-
chronizer divides the serial data stream into data words of 1 to 32 bits and places
them in a 32-bit register. If the data word contains less than 32 bits," the least
significant bits are set to zeros. Data from the register can then be routed to D/A
converters or discrete relays, the computer buffer, or the data can be discarded.

3-13
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The D/A converters receive the eight most signiticant bits. The discrete relays
receive data from one of four 4-hit syllables that comprise the 16 most significant
bits of the 32-bit register. The computer buffer receives the 20 most significant
bits, The remaining four bits that comprise the 24-bit word stored in the computer
buffer are the status of the group synchronizer,

Data stored in the 512-word computer buffer is output upnn demand to the CDC
160A computer in the same order in which it is stored. Each 24-bit word is
divided into 12-bit half words prior to transfer to the computer.

An additional output from the group synchronizer is an RZ bipolar coded serial data
stream consisting of 48 consecutive bits extracted from each main frame and
clocked at 10 kbps,

All of the operating parameters for the bit synchronizer and group synchronizer
described above are stored in the group synchronizer core memory. These
parameters are normally loaded from the 160A computer. In addition, a paper-
tape reader (located at the ground station) can be used, or loading can he accom-
plished manually. Loading or changing these parameters can only be accomplished

when the group synchronizer is stopped.

In addition, by means of function codes, the 160A computer can control several
other operations; namely, starting and stopping the transfer of all data via the
computer buffer; starting and stopping the decommutator; requesting a group
synchronizer status word that is subsequently passed over the same data lines

as are the words from the computer buffer; and requesting a digital command buf-
fer (DCB) word that is 36 consecutive hits (from every main frame) transferred to
the DCB as three 12-bit words for command authentication. The location of the
36 bits is also specified by the 160A computer via the DCB.

In addition to the two bit synchronizers and two group synchronizers, a simulator
is provided for performance testing of the PCM equipment. The simulater can
produce any format that the bit synchronizer and group synchronizer can handle,
and can provide any of the common forms of signal degradation. In addition,

3-14
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the simulator can compare the output of the hit synchronizer or group synchronizer
with the simulated input data.

The simulator is programmed (except for signal perturbations) by the 160A com-
puter, paper-tape reader, or manually. Outputs are also provided for loop testing
additional equipment outside the PCM equipment. All satellite modes of operation.
including command authentication and data encryption, can be tested.

3.1.4 Data Distribution

SGLS uplink and downlink signals may be recorded and played back in a variety of
formats hy two Ampex FR-1600 wideband tape recorders. Each recorder is capable
of recording up to seven tracks. By relocating electronic modules within the
recorder, signals may be recorded in either a direct or FM mode. The recording
and playback head stack configuration is in accordance with IRIG standards. Track
assignments for both recording and playback are made by the signal switching
facility (SSF), which serves as a recorder tie point for all SGLS data lines. In
addition to the reconfiguration function, the SSF also contains necessary line
bridging amplifiers to ensure that the recording and playback requirements are

met without introducing degradation to the real-time signals.

To satisfy various program recording requirements, the recorders can be operated'
in either a sequential or simultaneous mode. In the simultaneous mode, redundant
real-time recordings can be made. In the sequential mode, data is recorded
alternately on each of the tape recorders; in this way, data can be recorded for
extended intervals. Automatic control provides recording overlap to ensure no

loss of data.

To permit use of the recorders by non-SGLS programs, a switching capability
has been incorporated which allows recording and playback of seven data channels
from the RTS FM/FM ground station.

Table 3-4 depicts the possible configuration capability within the SSF, where a "@"
indicates a permissible connection, The significant characteristics of the FR-1600

recorders are summarized in Table 3-5.
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TABLE 3-4
oo SIGNAL SWITCHING FACILITY « ‘PTIONs

' Track Option
Uplink/Downlink Signals

Recorder 1 Recorder 2

12 34656 67 1 23 4567

Record Inputs
Low-Rate PCM
Uplink Voice
RTS Intercom
Fault Isolation Input 00 0SO0 0O C OO OEDHY
Hi-Rate PCM o0 o0
PCM Ground Station 1 Bit Sync ® ° ° L]
PCM Ground Station 2 Bit Sync ¢ ® ® e

IRIG Telemetry 1 Baseband ® L
(Non-SGLS)

IRIG Telemetry 2 Baseband o ®
(Non-SGLS)

1.7-MHz PCM o ®
100~-kHz Reference Tone L ®
Predetection PCM Baseband L L
Downlink Voice
Predetection Analog/Voice o o )
Carrier 1 Baseband ® ‘ : ®
STCW o o
Downlink Analog ® ®
Playback Outputs
PCM Ground Station 1 o 00 o
PCM Ground Station 2 e 060 o0 o0 )
BSU L ®
SPB ® o
: Tape Select Unit ¢ ®
1 Fault Isolation Detector [ B BN BN BN BN BN NN BN BN BN BN AN I )
. To RTS MPP o ®
Synch Off Tape Circuit ' ® ®
Analog Test Unit A e [
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TABLE 3-5
SGLS TAPE RECORDER CAPABILITIES SUMMARY

Number of Tracks 7 :

Nominal Configuration FM/FM Channels: 1, 5, and 7
Direct Channels; 2, 3, 4, and6

Tape Speeds 240, 180, 120, 60, 30, 15, 71/2
and 3 3/4 ips

Direct Frequency Response +3 dB, 800 Hz to 2 MHz @ 120 ips '

FM/FM Frequency Response +5, -5.5 dB, dc to 500 kHz @ 120 ips

Signal-to-Noise Ratio 20 dB minimum in direct, 26 to

30 dB minimum in FM/FM
(depending on tape speed)

FM/FM Center Frequency 900 kHz

Remote Control All transport functions can be
remotely sensed and/or controlled
by a computer., The system can

be operated in either a simultaneous
or sequential mode.

3.2 SIGNAL-TO-INTERFERENCE ANALYSIS
J

In view of the complexity of the downlink the S/I ratios in the various services

were examined to access their impact on system performance.

Three categories of interference were considered. These are: intermodulation,
distortion due to phase nonlinearity and amplitude ripple, and spurious inter-

. ference due to spectral overlap. The interference of interest is inherent in the
system as a result of the baseband structure employed and the associated modu-
lation and demodulation techniques used to provide the required downlink services.
Interference introduced prior to modulation and subsequent to demodulation is
of lesser concern since the magnitude of such interference is controlled by
appropriate circuit design. For this reason, these interference effects are not

considered here.

In the discussion that follows, it is shown that worst-case interference levels do

not limit downlink performance.
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3.2.1 Intermodulation

Phase modulation of the carrier by a composite baseband of subcarriers results in
the generation of RF sidebands, some of which are first-order sidebands displaced
from the carrier by frequencies equal to the subcarrier frequencies. Others ap-
pear as crossproduct terms separated from the carrier by multiples of the sum and
difference frequencies, accompanied by higher order terms. Since the demodu-
lation process is coherent, the spectrum of the demodulated output is identical to
the spectrum of the composite baseband but additionally contains these cross-
product terms introduced by phase modulation of the RF carrier. (Note that, if a
phase discriminator were used in the demodulation process, the vutput of such a
discriminator would be a replica of the composite baseband without the cross-
products.) This occurs because the coherent phase detector is a linear frequency
translation device. To facilitate the analysis of the effects of these crossproducts,
the detector is, however, treated as a phase discriminator followed by a sinu-
soidal nonlinearity. It can be shown that this model is equivalent to the selected

coherent phase detector.

Because of the several services arranged in frequency division multiplex (FDM)
on Carrier 1, the intermodulation (IM) requirements of this carrier determine
the allowable downlink baseband and phase nonlinearities. The uplink is designed
such that its contribution to nonlinearity is negligible. A model for determining
IM distortion is shown in Figure 3~6. Baseband amplitude nonlinearities are

variations from perfect linearity of

the modulator- and baseband~ampli- )
v, Phase % :::’n“"'o' &’ Phase L Vo(v)
. . R o R < ase Sr-
fier transfer characteristics. Phase o | Modubaror Characaristic Demadutator |4 sebond
Input Output
nonlinearities are chiefly variations
from linearity of the phase-shift ver- Flgure 3-6 IM Distortion Model

sus frequency characteristic for IF
and RF portions of the system. This is ordinarily specified and measured as the
variation from a constant value of the envelope delay as a function of frequency.

In Volume III, Appendix IV, general expressions are developed for nonlinearities
of the mode!l in Figure 3-6, as well as for the IM products they produce. The
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product or phase demodulator is unique in that it has a precise mathematical
tranafer function. The output baseband-amplitude characteristic of the product
demodulator is represented by the expression Vo = sin 0, *e) where

e is the tracking error in the phase-lock loop (this loop reconstructs the coherent
carrier reference). The coherent product demodulator is also unique because it
determines an optimum schedule of subcarrier deviations which minimizes the
total received power required (Volume III, Appendix VI). Deviations so deter=-
mined are not small in terms of nonlinear sine functions, ranging up to 1. 84
radians. Therefore, the phase demodulator becomes the limiting system non-

linearity.

For system design purposes, apportionment of IM objectives begins with the
mathematical certainty of the phase demodulator. Presumably, all other con-
tributors can be made linear to any desired degree with sufficient design effort.
If the desired IM performance cannot be achieved with the best equipment design,
or if the phase-demodulator IM generation is excessive, phase deviations of one
or more of the services must be reduced from the optimum; random-noise per-
formance of the affected service(s) will be thereby compromised to some degree.
This has not been found to be necessary for SGLS; that is, the optimum phase
deviations dictated by random noise give acceptable IM-product levels as well.

Expressions that relate other distortion coefficients to sine nonlinearity in terms
of allocated distortion percentages and prescribed phase deviations are developed

in Volume ITI, Appendix IV. The following IM categories were considered in the

analysis:
e Second-order baseband-amplitude nonlinearity at the modulator
e Third-order baseband-amplitude nonlinearity at the modulator

e Sinusoidal phase-detector nonlinearity with carrier-tracking loop-

phase error (second and third order)
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e Socond-order IF- and RF -phase nonlinearity (linear envelope delay)
e Third-order IF- and RF-phase nonlinearity (parabolic envelope delay)

Each of the above nonlinearities generates a different type of distortion. Second-
order distortion is related to third-order distortion and thus to phase-~-detector
distortion. The distortion percentage a‘llocated.to each IM category is a matter
of engineering judgment. For instance, because frequency multiplication follows
the phase modulator, this element can be easily operated over a linear range,
and therefore can be allocated a smaller portion of the overall distortion budget.

Distortion objectives for the downlink are given in Tabhle 3-6. A more detailed
treatment and a definition of the distortion parameters is given in Volume III,
Appendix IV, Linearity specifications in Table 3-6 were distortion objectives,
not firm requirements, for the various SGLS equipment items during the system

design phase.

Sine Nonlinearity

A mathematical study of IM products caused by the phase detector (sine non-
linearity)is included in Volume III, Appendix IV of this report. Amplitude and
frequency of each product are precisely determinable. To generate useful results,
simplified models of the modulating signals are used. Basically, the approach
used in the study represented the periodic PRN code by certain of its Fourier

components, and the subcarrier modulation by discrete tones or subcarriers.

Analysis of the phase detector output for a known input baseband function indicates
that the original baseband frequencies are reproduced with a Bessel function
weighting of their amplitudes and a large number of IM-frequency products. To
limit the number of IM products considered, alil products less than a specified

amplitude, or greater than a given order, or all products outside a specified

frequency band can be rejected.
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TABLE 3-6

DOWNLINK DISTORTION OBJECTIVES

WDL~TR8227-1
Volume I, Part 1

Nonfinear Percentage Ground Station Pereentage i
Distortion of Total or of Total Linearity Specification
Sources Distortion Spacecraft Equipment Distortion
Spacecraft: Baseband assembly 2 -1
3 a,/2,“ ~ 0,035 rad
Second-order baseband- ; equipment and phase modulator 2°%1
amplitude nonlinearity ' Ground Station: Baseband e - 0,06 rad
separation equipment and phase 2 phase error of carrier
demodulator reference
Spacecraft: Baseband assembly 3 -2
: 10 a,/a,? - 0,08 rad
Third-order haseband- 50 equipment and phase modulator 3"
amplitude nonlinearity Ground Station: Baseband Fixed constraint of phase-
separation equipment and phase 40 detector sinusoldal character-
demodulator istic
Second-order phase Spftcecraft: Transmiiter IF and 9 0P g over 5-MHz BW
RF equipment DL
nonlinearity (linear 18 P ot — T aod o
envelcpe delay) round Station: eceiver II' an pp) . _
P Y RF equipment 9 Tpy * 88ns over 5-MHz BW
Tuird-order phase Spacecraft: Transmitter IF and 12.5 .r(pp) = 115 ns over 5-MHz BW
. RF equipment DL
nonlinearity (parabolic 25 o S stan n P vy
envelope dela roun tion: Receiver . Pp) _ _
P y) and RF equipment 12.5 TQL = 115 ns over 5-MHz BW
RF echoes (equivalent 2 (Total allowance for transmitter P Relative voltage amplitude of
to ripple envelope delay) and receiver) single echo: , 4 4o
r
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From the expansion of the sine function, the IM offect on the various SGLS multi-
plex services can be assessed. The amplitude and frequency of IM products falling
in each acceptance band can be calculated. For FM and PM subcarriers, a general
analysis of the nature of the interference that appears after demodulation is given
in Volume III, Appendix IV. Since the ranging phase detector or balanced demodu-
lator normally employs the carrier reference phase-modulated by the local re-
ceiver-PRN code, the analysis does not apply to this detector. However, during
the first step in the acquisition procedure (acquiring the 500-kHz range clock),

the local code is set to zero and the carrier reference is unmodulated. For this
special condition, the sine expansion is valid when searching for ranging-system
IM products that are in the vicinity of the clock frequency.

The large number of frequency components in the PRN code dictates the use of a
digital computer for the calculation of IM products. The PRN short- and long-
code lengths are 35, 805 bits and 2,728,341 bits, respectively. Expanding each
code in terms of the 500-kHz clock frequency yields the lowest frequency, approxi-
mately 14 Hz for the short code and approximately 0.2 Hz for the long code. If all
multiples of the fundamental frequency are considered up to 2 MHz, and if a
reasonable number of baseband carriers and subcarriers are considered, then

the number of IM products generated begins to exceed the capacity of even a large
digital computer. With these considerations in mind, the Fourier expansion of
the short code for the computer analysis consists of multiples of the X component,
the B component, and the X times the B component; and the Fourier expansion

of the long code consists of multiples of the X component, the A component, and
the X times the A component (Table 3-7).

Computer Analysis

The computer program used in the analysis computed the IM products in two steps.
First, the program computed the frequency and amplitude, starting with zero
order and proceding to plus and minus fifth order, of all IM products that are
above a specified level (-60 dB with respect to the total IF signal in all cases run)
and that are contained in a specified frequency interval (0 to 2 MHz in all cases
run). Second, the program grouped the IM products by frequencies and combined

the products that occur at the same frequency.
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TABLE 3-7

PRN CODE COMPONENTS

WDL-TR3227-1
Volume I, Part 1

Fundamental
Length Relative
Component Code (18) Fr(el?;x!:;wy Power
X Short or long 11 45, 5 0. 0226
a Short or long 31 16,1 0. 0020
bs Short 7 71.5 0. 0090
bz Long 63 7.9 0.0010
Cg Short 15 33.38 0. 0042
¢, Long 127 3.9 0. 0004
- X. a Short or long 11.31 14,7 0.0002
X bS Short 11.7 6.5 0, 0008
X Cg Short 1115 3.0 0.0004
-
NOTES
1, Modulo number _ .
Short code = 35, 805; 5000 nmi range
Long code = 2, 728, 341; 400, 000 nmi range
2. Transmitted code
cl+x.|(a-b +b-c+c'a)®cl]=cl®§-(a-b+ b.c + c-.a)
Receiver code (tracking) = x . (a*b + b.c +c.+2a)
Lo
3. Fundamental frequency (transmitted) = &
comp
where
fcl =clock frequency = 500 kHz

Lco mp = length of component in bits
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The cases calculated are given in Table 3-8, Only the most significant computer
runs are summarized here, since some of the runs yielded very similar results,

Case 4 has a 128-kbps PCM/PM signal, the analog FM subcarrier, and the FM/
FM subcarrier with a short PRN-ranging code directly modulating the PM carrier.

This run yielded 338 direct and IM products in the 0- to 2-MHz band and above
the -60 dB point relative to the total IF signal power. There were no significant

TABLE 3-8
COMPUTER INTERMODULATION PROGRAM CASES

. . Modulation Maodulation Index o
c Sorvi T}xl;e(:nnu-; Indox on ?1:’:"‘:‘!&‘:“‘"\‘: for Modulating No. ”‘f“'(:'““
RLTY Service ‘requency sarrior rrequency Crequent
(M1l2) (;n(lll ;):\(“,k) (khz) I f‘:'(‘]:l'd)n( Y IN Products
PCM/PM 1,024 1,55 - -
1 Voice/ F'M 1,25 0, H6d - - 162
PRN 0.5 0.1 - -
I D
PCM/ DM 1,024 0,71 - -
o Voice/ PM 1,25 0, 196 - - 154
= FM/FM 1,170 L35 - -
PRN 0.5 0.1 - -
PCM/PM 1,024 73 - -
3 Voice/FM 1,26 0, 196 3 1,53 204
* FM/FM 170 45 - - =
PRN 0,6 0,1 - -
PCM/PM 1,024 0,73 61 (125 kbps) 1,57
4 Voice/FM 1,25 0, 196 - - 334
FM/FM 1,70 1,145 - o
PRN 0.5 0.1 - -
PCM/DM 1,024 0,73 - -
5 Voice/FM 1.25 0, 196 3 1,53 204
FM/FM 1,70 1,35 - -
PRN 0,5 0.1 - -
PCM/PM 1,024 0,73 - -
" Voice/FM 1,25 0, 106 20 : 1,53 269
i FM/FM 1,70 1,35 165 (IR1G H) 0. 345 “
PRN 0.5 0,1 -
PCM/PM 1,024 0,73 - -
Voice/FM 1.25 0, 196 - -
7 F M/FM 170 1,35 93 (IRIG I 0,258 242
165 (IRIG H) 0, 345
PRN 0,5 0.1 - -
PCM/PM 1,024 .55 64 (128 kbps) 1, 57
8 Voice/FM 1.25 0, 56 3 1. 58 610
PRN 0,5 0.1 ‘ - -
Uplink Voice 0,030 0,1 - -
Command 0,005 0,1 - -
v PCM/PM 1,024 1.55 64 (128 Kbps) 1.57 240
PRN 0.5 0.1 - -
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IM components within several kilohertz of the 500-kHz clock frequency. Two IM
products within -3 dB of the clock amplitude were 15 kiiz below the clock frequency
and 10 kHz ahove the clock frequency.

Case 6 has the PCM/PM subcarrier, the analog FM subcarrier modulated with a
20-kHz test tone, and FM/FM with IRIG channel H plus the PRN short-ranging
code. This run yielded 262 direct and IM products in the 2-MHz band and above

the -60 dB point relative to the total IF signal power. The largest component

near the clock is 13 kHz from the clock and 4 dB down from the clock power level,

A possible problem area in this case is that nine IM products appear in the FM/

FM passband with a total power -13 dB below the total sideband power of the FM/
FM signal. However, eight of these are actually four pairs of amplitude-modulation
products that are removed by the subcarrier limiter. The net predetection signal-~
to-intermodulation (S/I) ratio becomes 36 dB. The completle printout of Case 6 is

given in Volume III, Appendix XIII.

Case 8 is similar to Case 6 except that the FM/FM is dropped from the baseband.
This case has a PCM/PM signal modulated at 128 kbps, an analog FM signal
modulated by a 3-kHz test tone, and the PRN code. Case 8 yielded a suprising
610 IM products. The reason the two subcarriers and PRN code yielded more
than douhle the number of IM products produced in Case 6 is that the carrier de-
viation of the two subcarriers has been increased such that the relative amplitude
of more IM products is above the -60 dB threshold. Also, the fact that these two
subcarriers are only 226 kHz apart allows more of the IM products to fall within
the 2-MHz baseband. A larger number of IM products need not be detrimental
provided no large components fall near the PRN-clock frequency or near sub-
carrier frequencies. The closest large IM product to the PRN-clock frequency
is 39 kHz away and is 4 dB down from the clock power level. The complete com-

" puter printout is given in Volume III, Appendix XIII.

Case 9 considers the problem of the uplink command frequencies that interfere

with the 128-kbps PCM/PM signal. The difference between the 30-kHz and

95-kHz command frequencies is 65 kHz, and the combination of 30 kHz and 95 kHz
and PCM/PM carrier at 1,024 MHz produces IM products at 65 kHz above and below
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the PCM/PM carrier. When the PCM 128-kbps signal is a square wave, that is,
a successive one-zero pattern, then the first sidebands of the PCM/FPM signal are
64 kHz above and below the PCM/PM carrier. Thus, it is possible that some IM
product of a multiple of the command frequencies and the PCM/PM carrier may
produce a harmful product that would degrade the PCM=bit error probability.

Turned-around command-frequency deviations for this case are 0,1 radian for a
‘one-to-one turnaround of the uplink. The deviations of the PCM/PM subcarrier
and PRN short code are 1,55 radians and 0.1 radian, respectively. Although IM
products generated by the analog FM were not computed, power taken by this sub-
carrier was compensated for by multiplying all direct and IM products by a pro-
gram constant Jo (0. 56), where the analog FM deviation is 0,56 radian. The run
yielded 240 IM products none of which were within several kilohertz of the range-
clock frequency. Also, above the -60 db threshold level no IM products were
found at multiples of the 65-kHz uplink subcarrier difference frequency above and
below the PCM/PM subcarrier frequency.

Worst-case ratios of S/I products are summarized in Table 3-9, The worst-case
IM level was found by computing the mean-square subcarrier S/I ratio in the
predetection bandwidth for all of the computer runs, Although the 24-dB ratio for
the PCM/PM may appear inadequate, an S/I ratio of at least 23 dB will not signi-
ficantly impair bit error probabilities up to 10_6 (see Volume III, Appendix VIII).

- TABLE 3-9

SIGNAL-TO-INTERFERENCE (INTERMODULATION)
RATIO FOR VARIOUS SERVICES

Predetection
Service Bandwidth | Computer 5/ }dRBa)‘“"
(kHz) e
PCM/PM (128 kbps) 256 8 24
FM/FM 550 6 36,4
FM Analog (3 kHz) 25 - No IM products found
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In addition to the predetection S/I ratio, one particular postdetection subcarrier
S/I ratio was computed. The IM product for this analysis is from Case 6 and
falls in the FM/FM predetection bandwidth. This is the only large IM product
that is not eliminated by limiting or predetection filtering. The IM component is
200 kHz away from the carrier. The FM/FM signal was assumed to be modulated
with a 165-kHz subcarrier (IRIG Channel 21 or H). The resulting S/I ratio after
the frequency demodulator is 28,1 dB, This S/I ratio is entirely adequate since
the subcarrier discriminator signal-to-noise threshold is 10 dB.

3.2.2 Phase Nonlinearities and Amplitude Ripple

Tandem-component characteristics in the sum channel of the SGLS receiving sub-
system directly limit the quality of the output signal. In particular, phase-
response nonlinearity and amplitude-response variations in these components
could distort the angle-modulated signal beyond acceptable limits.

- To assess the severity of the problem, the nominal configuration, in terms of
signal distortion attributable to predetection components was analyzed. Since
Carrier 3 bandwidth requirements are much greater than those for Carrier 1 and
Carrier 2, Carrier 3 signals should be subject to greater distortion than the sig-
nals for the other two carriers. Hence, Carrier 3 in its wideband mode of opera~
tion (35-MHz IF bandwidth) was selected for this analysis (see Appendix B in this
volume). A 2-MHz sine-wave input with frequency modulation, simulating FM/
FM wideband operation, was assumed. To more closely simulate physical con-
ditions, measurements of the phase and amplitude characteristics for contributing

tandem components were used.

Resulis indicate that Carrier 3 power distortion should be much less than one
percent at the input to the wideband discriminator for wideband-FM/FM operation
with a 2-MHz sine~wave signal when a modulation index (m) of 5 is used. (This
value for m was selected because the RF spectrum embraces the IF bandwidth,
and there is a rapid decrease in the amplitude of terms outside this bandwidth.)
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The overall distortion which may be experienced by Carrier 3 data is more signifi-
cantly affected by the demodulation process. It is expected that the demodulator
will not contribute enough distortion to cause the overall Carrier 3 power distortion
to exceed 3%. Carrier 1 will be similarly affected hy subsequent demodulation.
The harmeonic distortion expected, when considering the overall data processing
cycle, is not expected to exceed 5%.

. Criteria for determining tolerable interference levels (e.g., postdetection signal-
) to-interference (S/I) ratio, bit-error probability, ranging error, and percent
error in data) are measured against performance standards established by the
ultimate user. For services such as PCM data and PRN ranging, these standards
N are objectively measurable. For voice, however, interference effects are sub-
. jectively determined by the individual user, and standards must be set by averaging
over a large number of users. For both objective and subjective standards, re-
quirements depend to some degree on the nature of the interference. For example,
a 1000~Hz interfering tone is judged by some listeners to be more objectionable
than an equal power band of white noise. Similar differences in interference

tolerance exist in the data services,

3.2.3 Spurious Interference

Interference occurs when spurious spectral components fall within the acceptance
band of one of the SGLS services. The spurious components may be caused by
direct spectral overlap of an interfering service, or by IM products generated
by two or more services interacting in a nonlinear system element.

Adjacent-channel interference occurs when the desired carrier and a reduced-
level second carrier are applied to the phase detector. The form of interference
appearing at the baseband depends on whether the channel is, or is not, linear
(Volume III, Appendix IV). In either case, the interference spectrum is centered
at the baseband frequency corresponding to the carrier separation (5 MHz for

basic SGLS). For a limiting receiver, the interference spectrum is the convolution
of the complex-envelope spectra of the two carriers. For the linear SGLS ground
receiver using coherent AGC, the interference is the translated spectrum of the
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interfacing carrier. Because spectrum spreading is inherent in the convolution
process, interference is minimized by using coherent AGC, rather than limiting, W
in the ground receiver.

Although the ground receiver is linear, for some missions a saturating traveling~
wave-tube (TWT) amplifier may be used as the vehicle trangmitter output device.
Under these conditions, the adjacent channel interference may take the form of
the convolution spectrum. Furthermore, the TWT, while amplifying two carriers
simultaneously, is the source of direct adjacent-channel interterence, in which

the baseband of one carrier is transferred directly to the other carrier. This
phenomenon occurs when the signal frequency deviations are converted to ampli-
tude modulation (AM) on passing through circuits with non-constant-gain frequency
characteristics, This AM is subsequently converted to phase modulation in the
TWT.

Intercarrier Interference

Interference between Carriers 1 and 2 is caused by overlap between the individual
spectra. No filtering is supplied in the vehicle because of the close proximity

(in terms of percentage bandwidth) of the 2-GHz carriers. Since the receiver is
linear (employing coherent AGC rather than limiting) and each carrier is coherently
detected, the unfiltered baseband-interference spectrum would be a replica of the
RF spectrum translated to baseband. Because of the predetection IF filters, how-
ever, the baseband interference spectrum is altered substantially from the RF
spectrum. In particular, interfering higher-order sidebands that fall within the
width of the baseband cannot be eliminated from the desired carrier. That is, if
the desired sidebands are passed, then so also are the interfering sidebands that
occupy the same frequency band.

The following observations are taken from the quantitative analysis of inter-
carrier interference presented in Appendix VIO of Volume III: At 1 Mbps, the
fourth-order through seventh-order sidebands of Carrier 2 fall in the 0- to
2-MHz baseband of Carrier 1, The peak interference arises from the fourth-
order sideband and occurs at 1.4 MHz in the baseband of Carrier 1. In
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terms of predetection S/I density ratio, therefore, carrier 2 interference with the
analog FM subcarrier constitutes the worst-case interference in Carrier 1.

Because of the modest FM advantage for this subcarrier (deviation ratio of 1 to 1.5),
the postdetection S/I ratio is also worst for this service. For "square'" PCM-bit
waveforms, the predetection S/1 ratio for the 3-kHz voice channel is 19 dB. This

is 9 dB greater than the 10-dB SNR at threshold. Therefore, it is concluded that
the higher-order sidebands of the 1-Mbps PCM data produce interference at a
tolerable level,

Carvier 1 interference with Carrier 2 arises principally from second- and third-
order sidebands of the relatively high-level PAM/FM or FM/FM service. Third-
order interference is centered 100 kHz from the Carrier 2 frequency; that is:

(3x 1,7 =- 5,0 = 0.1 MHz. Therefore, with a nominal bandwidth of +250 kHz,
substantially all of this sideband falls in the high~rate-PCM acceptance band.

The predetection S/I ratio is calculated at 17.8 dB for a maximum FM/FM or
PAM/FM deviation of 1.84 radians and equal level carriers (P1 = Pz). The
second~-order interference appears at 1, 6 MHz relative to the Carrier 2 frequency,
and is filtered by the PCM matched filter:

2
sin 1.61T> pl

2
P = dp (1.89) ( 1.6r

I

5 2
= 0.124 (5—;-) P

]
&
[=2]
»
—
o

1
g

orP /P, = P;/P; = 22.6dB. Thus, the total PCM 8/I ratio is 16.6 dB. The
thre shold2 SNR at deézision time (after matched filtering in a bandwidth equal to half
the bit rate) for the PCM data is 11.6 dB at a 10-3 bit-error probability. There-
fore, in the worst case, the Carrier 1 interference is only 5 dB below the random
noise. The exact effect of the interference on the bit-error rate at threshold de-
pends on the nature of the interference. Some of the effects of discrete tones are
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examined in Appendix VIII of Volume III. If the interference approaches random
roise, then a total interference of 5 dB below the noise would increase the PCM
threshold by about i dB.

PCM and Analog FM Subcarriers

The interference under consideration is between the PCM data centered at 1. 024 ‘
MHz and the analog FM subcarrier at 1.25 MHz using PCM/PM (PSK) modulation, ‘ |
The worst case is for the highest data rate (128 kbps). Also the analog FM sub-
carrier is assumed to carry the 20-kHz analog information.

The cases of both random and periodic PSK interference with the analog channel
are considered in Appendix VIII of Volume III. For equal-level subcarriers, the
basic 8/I ratio for PCM modulation is about 12 dB. For simultaneous thresholding,
the subcarriers are equal in power. To this S/I ratio must be added the rejection
characteristics of the subcarrier filter in the vehicle baseband assembly unit.

With 30 dB rejection, the total predetection S/I ratio is better than 40 dB. This

is more than adequate to make the interference tolerable,

For the reverse case of analog FM interference with the PCM/PM, the 1.25-MHz
subcarrier is assumed to have a peak deviation of 30 kHz with a 20-kHz sine wave.
Basic interference in the PCM band is down about 40 dB from the signal. Add to
this the baseband assembly filter rejection, and the total S/I ratio becomes 70 dB.
The analysis (Volume III, Appendix VIII) indicates that single-frequency inteyv -
ference in the PCM demodulatcr will be quite acceptable if it is only 20 dB below

the signal power.

To examine the effect that interference from PCM/PM data (on the 1.7-MHz
services) may have on data quality of the 1.024-MHz and 1. 25-MHz services,
worst-case conditions are selected as follows: data rates of 256 kbps on the
1.7-MHz subcarrier and 64 kbps on the 1.024-MHz subcarrier, and an analog
signal of 20 kHz with a peak deviation of +30 kHz on the 1.25-MHz subcarrier,
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Results of the analysis,* summar-
ized in Table 3-10, indicate that the

presence of PCM/PM data on the TABLE 3-10
SIGNAL-TO-INTERFERENCE CALCULATIONS
1.7~-MHz subcarrier gives rise to AT OPTIMUM MODULATION INDICES
conservative S/I ratios of 41,2 dB in | Suboarrier Service
! Parameter
the 300-kHz predetection bandwidth —— T
p Predection Bandwidth (kHz) 300.0 150, 0
on the 1,024-MHz subcarrier and Bit Rate for 1,7 MHz (bps) 256.0 286, 0
. . . Signal to Interference (UB) 41,2 29.5
29,5 dB in the 150~-kHz predetection Rejection of 1,7 MHz (dB) a2.0 5.0

bandwidth on the 1.25-MHz sub-

carrier; these S/I values are based

on system operation at optimum

modulation indices for each service. Also, the rejection of the 1,7-MHz sub-
carrier by the post-modulator filter is 32 dB at 1, 024 MHz and 18 dB at 1,25
MHz. While maintaining threshold levels for each of the services and optimizing
the modulation indices, the quality of the data was not degraded on the 1,024~
MHz and 1.25-MHz services in the presence of PCM/PM data on the 1.7-MHz
subcarrier.

*SGLS Test Transponder 1.7-MHz 'Post-Modulator Filter Analysis, Philco-Ford
WDL-TR3359, Revision 1, 14 June 1968,
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3.3 DOWNLINK PERFORMANCE

This section presents the downlink performance in terms of the power required
to operate each service at threshold, Ground station parameters of interest
are system noise temperature, dynamic range, and the signal thresholds for
the various services, In addition to these parameters, information is provided
that will assist the SGLS user in optimizing performance for specific missions.
A procedure is also outlined for determining performance, and an example is

provided for a typical downlink configuration

3.3.1 System Noise T'emperature

System noise temperature has been calculated for the SGLS equipment items
operating in conjunction with typical high- and low-gain antenna configurations
at the RTS, Variations can be expected due to minor differences in antenna
configurations at some sites. These variations are not, however, considered

significant,

Table 3-11 summarizes the system noise temperatures (Ts) for the two antennas,
Note that these temperatures are referenced to the input of the parametric ampli-
fier, Typical equipment configurations and the associated models used in the

analysis are presented in the following paragraphs,

TABLE 3-11
SYSTEM NOISE TEMPERATURES

' Antenna Noise Temperature*
’ Configuration TS
High Gain
Sum 336° K
Difference 900° K
Low Gain 290° K

*Referenced to parametric amplifier input
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Equipment Configurations

The RF configurations for the high-gain and low-gain SGLS are shown in Figures 3-7
and 3-8, These were developed from the best data available. The RF configuration
drawings identify the parameters of concern. These and other parameters are
summarized in Tables 3-12 and 3-13 as a convenient reference for the noise tem-

perature models and equations discussed below,

Noise Temperature Models

Noise temperature models for the high- and low-gain configurations are shown in
Figures 3-9 and 3-10, respectively. The model consists of three elements; an-
tenna temperature, transmission line, and the receiver, The latter includes the
parametric amplifier, GRARE, and interconnecting components, the system noise

temperature for this model is given by

TS=TA+(LL-1)TO+LLTR (1)
where
TS = gystem noise temperature referenced to the antenna aperture
T A~ antenna noise temperature

Ly = total loss contributed by all RF and transmission line components
from the antenna to the input to the parametric amplifier,

T, = standard temperature (290°K)

TR = noise temperature of the receiver

For the sum channel of the high-gain configuration, we have

_ (L2 - 1) TO TPDL2 (L3 -1) L2T0 + TGRL3L2
Tg =Tp - * G -5 + e GG 2)
P P PTPD P PD
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where
TP = noise temperature of the sum TABLE 312
SGLS HIGH-GAIN TEMPERATURE
channel of the parametric  CHARACTERISTICS®
amplifiex SO o e
Ty ([ 3
GP = gain of the parametric amplifier Y, WK
L, = loss between the output of the b, o
parametric amplifier and the (:" ::um: l:”\
p (Bum RLH]
power divider Ty, (D 100°K
! (]', (DIt 1
Tpp = Boise temperature of the power T 200K
Pn
divider = (LPD -1 TO’ where Gy 0. 2
Lpp = the loss in the power | Tan 'K
divider (3 dB) i I" :0‘
L3 = loss between the output of the {_-_.,_____,,"1!___ ) L]
p°wer diVider and the input tO *Includes spacified minimum gains, maximum
insertion losses and noise temperatures. Coaxial
the GRARE cable and waveguide losses evaluated at 2,25 GHaz.
Antenna at 5 degrees elevation.
T _ noise temperature Of the GRARE **Includes 1.6-dB anticipated fleld degradation.
GR ~
GPD = gain of the power divider

Substituting the values from Table 3-12 into Equations (1) and (2) gives a system
noise temperature in the sum channel (Ts) of 504°K referenced to the antenna
aperature. Dividing this result by LL yields TS = 336°K referenced to the input
to the parametric amplifier.

For the difference channel of the high-gain configuration, we have

. , -7 Terly
R P(Difference) Gp(mﬁerence) GP(Difference)

T (3

where TP (Difference) is the noise temperature of the difference channel of the

parametric amplifier,
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Substituting the values from Table 3~13 into

Equations (1) and (3) gives a system noise TABLE 313
teraperature lu the difference channel (T.) of soLs Lor,;i:':c::::&eswn”fm!
1350°K referred to the antenna aperature, _ Purumoter | Ve |
Dividing this result by L, ylelds Ty = 900° K T, L18°K
referred to the input of the parametric ampli- To 20K
fiex, Ly, 1.3
'l‘p 106*K
For the low-gain configuration (Figure 3-10) the p avant
noise temperature of the receiver, TR , 18 TIGR :uio'x
given by 1 B
* Includes specified minimum gaing, maximum
ln(z:ort.'lun. lus:‘-‘os and noise t:mperx:mrcs. \
T =T+ &y - BTo  Tarly " 5D Gl with the antanna at 5+ lovation,
R P GP GP *+ Includes 1, 5 dB anticipated field degradation,

Substituting the values from Table

. 3000
3-13 into Equations (1) and (4) gives \
a system noise temperature (T) 00 \
of 397°K referenced to antenna \ L Comnie Tamp
aperture. Dividing this result by 'gg \T \
700 -
- o AN A\
LL yields TS = 290°K referenced 2 ggco ERN .
to the input of the parametric £ s \\ o
amplifier. E W AN \\ T e e
[P N N 117177
Z | \\ ~ g
In the computations above, the g . o
~
effects of mismatch losses are '25 nce T
i i o AR o
relatively minor and vary as a ?i T
function of frequency. For this o[ Minimum Commic Temperature — .
reason, their contribution to sys- Jc: ]

’ ]
A Ldd b L1 T I N NN W TS Y W OO Y S v O 1
1 10

tem noise temperature has not
been included. Further, for the
high-gain configuration, antenna
temperature (T A) was obtained

oo

Frequency (GHz)

Figure 3—11 Noise Temperature of a Typical Directional Antenna
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from the typical antenna temperature curves of Figure 3-11, The low-gain antenna

temperature was obtained from measured data.

3.3.2 Dynamic Range

System dynamic range is that range of signal power from threshold signal level
(referred to the parametric amplifier input) to a maximum level that results in

no more than 1-dB compression in any RF/IF amplifier stage, From this defini-
tion, we see that a specific dynamic range exists for cach tracking or data demodu-
lation bandwidth considered. Figures 3-12 and 3-13 show system dynamic range
associatec. with phase-lock tracking in the 1-kHz bandwidth. System noise power
(dBm/Hz) and threshold carrier power for the 1-kHz phase-lock tracking bandwidth
hgve been plotted, along with the maximum input (saturation) level to the GRARE

FHILGO - FOH0) CORPORATION

down.converter,
Received Power (d8m)
-200 -180 =160 -140 -120 =100 -80 -60 -40
b g 4 b y + $ + {
Antenna
Gain
L, =1,57d8 Parametric
L Amplifier
Paremetric v
Amplifier
Gain (GP =26 dB)x
=13 dB)A
R
= 1.8 d8 (a). !
GRARE
LEGEND
Q  threshuld levels
v 1-dB compression levels
e i channel (3-kHz tracking bandwidth),
o= == = differance channel
KT, boltzmann’s constant
.o total loss contributed by all RF and transmission line
P from to input of parametric amplifier
o Ly loss between output of parametric amplifier and input to GRARE
) [y
Figure 3—-12 SGLS High~Gain Dynamic Range
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Recelved Power {dBm)

~20 180 <160 -140 -120 -100 -80 ~60 -40
Antanno
Guln
L =2 da| L |
Parametric Parametric
Amplifier Amplifier
Galn (G, = 26 d8) v
KT
L s
L = 1.} dB 1
GRARE
LEGEND

QO  threshoid jevels {1.kHz tracking bandwidth)
v 1dB compression levels
KT, boltamann’s constant

L total lots contributed by all RF and transmission line
vomponents from antenna to input of parametric amplitier

Ly  loss batwesn output of parametric amplifier and input to GRARE

Figure 3—13 SGLS Low-Gain Dynamic Range

The dynamic range (D) is given by

D=PS-PT

where PS is saturation power and PT is threshold power and where all signal levels
are referred to the parametric amplifier input. For the example shown in Figure
3-12, dynamic range is

-65.5 - (-137.3)
71.8 dB

L)
]

3}

The dynamic ranges for other GRARE tracking and data demodulation bandwidths
may be determined in a similar manner. (For the example shown above, a 336°K
system noise temperature, an SNR of +6 dB, and a -47 dBm maximum allowable

input are assumed. )
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3.3.3 Carrier 1 Thresholds

The downlink Carrier 1 signal uses frequency division multiplex (FDM) to enable

\ simultaneous transmission of multiple services. The FDM is generated in the
vehicle by phase modulating the carrier with a baseband mix of subcarriers, each
individual premodulation subcarrier level being chosen to yield a specific carrier
modulation index, The carrier modulation is essentially narrowband PM, so that,
in the RF spectrum, the subcarriers appear as first-order sidebands, higher order
sidebands being of negligible power level, The division of total signal power
between the various subcarriers and the residual carrier is a function of the pre-
modulation subcarrier levels and is discussed further in succeeding paragraphs.,
This modulation scheme peri:its the use of a narrowband carrier-tracking phase-
locked loop to coherently demodulate the downlink carrier, the resulting spectrum
appearing simply as a linear translation of the RF spectrum down to baseband.
Extraction of data from the subcarriers is performed in separate subcarrier

demodulators.

Under this modulation scheme, the retrieval of data from any subcarrier involves
a dual demodulation process, and accordingly, at low SNR's two sources of signal
quality degradation are evident because of the imperfections in the operation of the
two demodulators. This consideration is in addition to the concept of threshold
itself, and the degradation will make itself felt as an effective increase in the
required signal power in the receiving equipment to achieve the data quality

(SNR or bit error rate) theoretically available at threshold. The system per-
formance computations incorporate empirical degradation figures attributable to
these effects. For PCM, a further process is required after the dual demodulation
to regenerate the digital data appearing at the noisy subcarrier demodulator output,
The process uses an integrate and dump-matched filter and involves phase-lock
acquisition of the noisy demodulated bit stream. This takes place in a bit syn-
chronizer and accounts for the third source of performance degradation appearing

in the PCM performance tables, '
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Threshold in &n analog subcarrier medulation system is usually defined as the
system subcarrier-to-noise ratio (S/N) at which the quality of the demodulated
output begins to deteriorate at a disproportionate rate with further reductions in
S/N. Efficient design of such a system requires that the system parameters
(IF and baseband output bandwidths in FM, for instance) be chosen in such a
way that the desired data quality is available at threshold but fails just below

K threshold. As a result, the threshold subcarrier-to-noise ratio is the important
parameter in defining the downlink signal power requirements,

In the case of SGLS PCM services, which use biphase PSK modulation of the sub~
carrier, the threshold definition differs somewhat in that the coherent demodula~
tion process used exhibits no readily definable threshold, and the important
parameter in this case is the SNR theoretically required in a measurement band-
width that is equal to the bit rate so as to yield a bit error probability of one in

105.

In Tables 3-14 through 3-19 the subcarrier power required to provide the various
services under threshold conditions is computed. Performance degradations are
included in the calculation to provide a realistic estimate of subcarrier power,

Since subcarrier power and noise density involve absolute power levels rather
than ratios, a point must be defined in the RF receiving system (somewhere
between the antenna aperture and the subcarrier demodulator) at which the

quoted power levels are to be obtained. The input to the parametric amplifier is
taken as standard for this report for compatibility with system test procedures.
All absolute signal power levels and all RF gain and loss factors, such as antenna
gain and system noise temperature, are referred to this point. Subcarrier power
levels are not directly measurable at this point but may be accurately inferred
from measurements of the total signal power by applying the power division
factor discussed in the succeeding paragraph.
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Carrier 1 Performance Optimization

In a multiservice system, the transmitted downlink signal power must be divided

among the various subcarrier services, preferably in an optimum fashion, This

may be accomplished by setting the carrier phase deviation due to each subcarrier
according to the principles outlined in Volume III, Appendix VI, The object of
this optimization is to minimize the total signal power that must be transmitted,
to give specific subcarrier power levels. The actual subcarrier power required
is a function of the modulation scheme employed and the bandwidth or bit rate of
the transmitted data. The aralysis below determines the power levels required
at the threshold in the various subcarrier modes. These results may be used as
inputs to the optimization procedure in the referenced appendix to obtain the re-
quired modulation indices. The procedure, as given in Volume III, Appendix VI,
is predicated on the typical requirements that all subcarrier services reach
threshold at the same RF power level, Variations from this situation are accom-
modated by adding the appropriate power margin to each threshold subcarrier

power before application of the optimization procedure,

There are many possible choices of subcarrier power division due to the highly
diverse choice of operating capabilities offered by the SGLS Carrier 1:

e Choice of number of subcarrier services, Carrier 1 may be modulated

by any number or combination of the available subcarriers from one to

four.

Choice of data rates. Bit rates for the 1.024- and 1.7-MHz subcarriers
are available between 7. 8 bps and 256 kbps, while the analog channel
gives dual bandwidth options. In addition, the 1.7-MHz subcarrier may
carry either PCM or IRIG telemetry.
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e Choioce of signal power distribution among the subcarrier services,
Depending on mission requirements, differing signal strength margins
may be assigned to the various services. Thus, if high reliability or

long range performance is required of one particular service, that ser-
vice may be allocated a proportionally greater sharc of the available RF
signal power a: the expense of the remaining services by proper selec-
tion of carrier phase deviations. In such a case, the subcarrier service
thresholds will not necessarily occur at the same received RF signal
level.,

The general relationship between the total Carrier 1 power and the power in a
specific sinusoidal subcarrier is given, as a function of modulation indices, by

Pscl

N
o172 2 2
P - 2 <31>[ 152 Jo (Bp] cos (B )

B; = the carrier modulation index due to the ith sinusoidal subcarrier
,3‘1 = the carrier modulation index due to the subcarrier in question
Psc = the power in the subcarrier in question
1
PT = the total unmodulated carrier power
P
8¢y
P = designated the subcarrier 1 suppression factor when stated in dB's
T
3prn = the uplink modulation index of the PRN ranging subcarrier for a
1:1 turnaround ratio
N = number of subcarriers
Jo = bessel functions of the zeroth order
Jy = bessel function: of the first order
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The carrier suppression factor is given by

P N

c _ 2 2

_I-;; _[ H J0 (ﬁi)] cos (ﬁprn)
i=1

In calculating the performance of a given SGLS configuration, the carrier sup-
pression factor should always be checked to ensure that an SNR well in excess of
6 dB in the carrier tracking phase-locked-loop bandwidth is available in order to
assure reliable carrier lock.

Where the PRN ranging subcarrier is of concern, the relationship between the
Carrier 1 power and the power in the PRN subcarrier (subcarrier suppression)
is

Porn (ﬂl.&)z N 2

—= =8 {n (ﬁpm)[ T 94 (ﬁp]
T i=1

The subcarrvier suppression equations are used in relating the subcarrier power

requirements of an individual subcarrier service to the total received power when

other subcarriers are present.

In applying the above equations, certain uplink services are subject to turnaround
and will appear as additional subcarriers on the downlink. The uplink analog
channel and the low- and medium-rate command channels are on subcarriers of
lower frequency than the nominal 800 kHz cutoff frequency of the vehicle-borne

* turnaround lowpass filter., These subcarriers, when present, must be included
in the number (N) of downlink subcarriers in computations of carrier and sub-

carrier suppression. Turned arounq subcarriers will appear on the downlink
with uplink modulation indices multiplied by the turnaround ratio.
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FM Service Thresholds

SGLS offers three downlink F'M service capabilities on two of the Carrier 1 sub-
carriers. In all cases, a threshold SNR of 10 dB is assumed. Additional inci-
dental losses on the order of 1,0 to 2,0 dB are known to occur on all services.
The threshold power calculation is listed in Table 3-14,

TABLE 314
FM SUBCARRIER SERVICES - SUBCARRIER THRESHOLD POWER CALCULATIONS -
Parameter 1,25-MHz Voice | 1,25-MHz Analog | 1,.7-MHz Telemetry
Threshold signal-to-noise 10.0 10.0 10.0
ratio
Bandwidth (dB) 44.0 51.9 58.2
Demod. Loss (dB) 1.0 1.0 2.1
8/N (dB) 55.0 62.9 70.3
No (336° K) {(dBm/Hz) -173.3 -173.3 -173,3
Subcarrier Threshold -118.3 ~110,4 -103.0
Power (dBm)

PCM Service Thresholds

Either the 1.024~-MHz or the 1.7-MHz subcarrier may carry PCM data. Tables
3-15 and 3-16 list the respective subcarrier threshold calculations for each bit
rate. Threshold SNR's in the tables reflect observed SNR degradations. In
addition, the threshold subcarrier powers indicated apply strictly to NRZ-L and
Blg-L codes. Further degradations of 0.3 dB are observed when NRZ~-M, NRZ -S,
Blg -M and BI¢ -8 codes are used. RZ codes effectively operate at double the bit
rate and suffer a corresponding 3-dB SNR degradation., Figure 3-5 defines these
PCM codes.

The PCM threshold is the operating point for 10_5 bit error probability (Pe) at

all bit rates.
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PRN Ranging Threshold

The ranging system ''threshold' is defined as the operating point at which the rms
range error due to downlink nnige is 30 ft. The performance of the range clock
phase-locked loop is the major factor contributing to thresholding of the ranging
system. The code acquisition process is not involved since code acquisition error
probability can, in principle, be made arbitrarily low by appropriate choice of
integration time.

TABLE 317

The analysis in Volume III, Appendix II, PRN RANGING THRESHOLD
indicates that a threshold 8/N o Of 26.6dB-

Hz will produce the 30-ft error when the Subcarrier algl\x;1:to-nolae 26, 6 dB-Hx
4-Hz clock loop bandwidth is used, As density ratlo 8/Ng

indicated in Table 3-17, this results in N, (6% K) 21738 dBm/Hz
a PRN threshold power of -146,7 dBm, .| Subcarrier threshold power -146,7 dBm

3.3.4 Carrier 2 Thresholds

Carrier 2 PCM data is regenerated in the same equipment as both Carrier 1 PCM
gservices. In this case, the carrier power at threshold is the parameter of interest
since direct PSK modulation of the carrier is used. Also, only a single demodu~
lation process takes place, so that only two sources of performance degradation
are evident: the carrier demodulation and the data regeneration. The quoted
threshold SNR's in Table 3-18 include the appropriate empirical degradation factor
at each bit rate.

3.3.5 Carrier 3 Thresholds

Table 3~19 gives the threshold computation for Carrier 3 operation, Any sys-
tem SNR degradations are inherent in the threshold SNR figure quoted, since the
FM demodulator operates directly on the received carrier. Further signal
processing is not assumed since the data form is unspecified.
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Bit Rates
Parameter g
128 kbpa | 256 kbps | 612 kbps | 768 kbps | 1024 kbps

Roquired C/Noid&Hl‘) 9.8 9.6 9.6 9.6 9.6

Pg = 10°5

PCM Degradation (dB) 1.0 1.0 1,0 1.0 1.0

Demodulator 3.0 2.9 2.3 2,3 3.1

Degradation (dB)

Required CIN° (dB-Hz) 13.6 13.5 12.9 12.9 13.7

No** (dB/Hz) -173.3 | ~-173.3 | -173.3 | -173.3 -173.3
| Bandwidth (dB) 51.1 54,1 67.1 58.6 60.1

RF Threshold dBm -108,6 | -105.7 | -103.3 | -101.8 -99. 5

*Theoretical for BI¢-L and NBZ-1 codes.

Add 0. 3 dB to threshold

for NRZ-M, NRZ-8, Bl¢-M, and BPS codes.'Add 3 dB for RZ code

(specification CPRAD-653A, PCM Stored Program Telemetry

Ground Station for SGLS),
**Noise power density for 336°K system noise temperature,

TABLE 3-19
CARRIER 3 THRESHOLDS
Mode 500-kHz BW 3-MHz BW 35-MHz BW
Modulation Modulation
Demodulator Tracking Phase- Tracking Phase- gg:::;:;i&z:;r
Locked Loop Locked Loop
Predetection-
bandwidth (dB~Hz) 57.0 64.7 75. 4
S/N ratio (dB)* 10.0 10,0 10,0
No (dB/Hz) ** -173.3 ~173.3 -173.3
RF Threshold (dBm) -106. 3 -98, 6 -87.9
*Measured in predetection bandwidth.
**Noise power density for 336°K system noise temperature.
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3.3.8 Typical Performance

Because of the large number of available combinations of downlink signal configura-~
tions, it is not feasible to present in this analysis all pnssible performance data.
Instead, a procedure is provided to assist the SGLS user in determining the
performance of a specific combination of services. In addition, the performance

of a typically configured system is presented.

Procedure for Determining Performance

The procedure for determining downlink performance consists of four steps:

Compute the available total received power (PT)
Determine required threshold power Pg)
Compute subcarrier suppression factor (PS)

Compute the power margin (PM)

Each of these steps is considered in detail in the following paragraphs,

Compute Pq.— the available total received power in dBm, As a first step in deter-
mining downlink performance, the amount of total received power available at the
input reference point (parametric amplifier input) must be determined. This
required knowledge of the operating parameters of the spacecraft which, in general,

varies from one vehicle to another.

Table 3-20 presents a typical downlink power computation. A 2-W vehicle trans-
mitter is postulated along with an omnidirectional antenna. Space loss is con-
sidered the variable in this case. The SGLS high gain antenna, a 60-ft parabola
with a multipurpose feed, is assumed. This provides a gain of 48 dB referred to
the parametric amplifier input. The received signal power is seen to be 76.2 - Ls
dBm, where Ls is the space loss in dB for the mission of interest,
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TABLE 38-20
DOWNLINK POWER BUDGET, TYPICAL SYSTEM
Parameter Value
————aal e ]
Carrier 1 Vehicle Transmitter Power (2 W) 33,0 dBm
Multiplexer and Cable Loss -1,8dB
Vehicle Transmitter Antenna Gain 0 dB
Effective Radiated Power (ERP) 31.2 dBm
Space Loss (Ls =104, 6 + 20 log R nmi) -L s dB
Polarization Loss (linear polarization) -3.0 dB
Receiver Antenna Gain (referred to paramp input) 48 dB
Total Received Power (Pt) 76.2 - L s dBm

A greph of space loss vs vehicle range in the downlink frequency band is shown
in Figure 3-14. This may be used in lieu of computation to obtain the value of L s
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Determine Pp ~ the required threshold power in dBm, This may be determined
from Tables 3-14 through 3-19, which show subcarrier and, where appropriate,
carrier threshold powers for each downlink service.

Compute Pg — the subcarrier suppression factor, This applies to the subcarrier
services on Carrier 1 only, and not to Carriers 2 and 3. Subcarrier suppression
is the difference between the total signal power and the effective power in the

first-order sidebands, (See '"Performance Optimization' under Paragarph 3. 3.3

for the computation of this factor,)

Compute Py, — the power margin. This is the margin (in dB) between power avail-
able and power required. This margin, a function of vehicle range, is determined

as follows:

Py =Py - (Pg +P

M S)

A convenient method of expressing this information graphically is shown in Figures

3-15 through 3-18, where PT is shown plotted against vehicle range in nmi, and

P.+P

R S is shown as the minimum usable P’I‘ for operation at threshold.

Typical Performance Curves

Utilizing the procedure outlined in the preceding paragraphs, the performance of

a typical SGLS downlink configuration was determined. This performance is
illustrated in Figures 3~15 through 3-18. These figures are plots of total received
signal power (PT) for Carriers 1, 2, and 3, shown decreasing with vehicle range,
and intersecting horizontal levels that indicate the threshold power level for each
particular service. The point of intersection corresponds to the maximum useful

vehicle range for that service. At shorter ranges the difference between the
received power level and the threshold level is the power margin (PM) in dB for

that service.

For this example, the assumption is that a basic 2 watts of Carrier 1 power and
1/2 watt of Carrier 2 power are diminished by 4. 8 dB (due to multiplexing losses
pridr to radiation) to yield vehicle ERP's of 28,2 dBm and 22.2 dBm, respectively.
The downlink power budget calculation of Table 3-20, after modification of the
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ERP's to the above value, is used as the model for development of the total
received power curves. In addition, the configuration indicated in Table 3-21 is
also assumed. The division of power among the Carrier 2 subcarriers is there-
fore dictated by the carrier modulation indices appropriate to that configuration.
Please note that the downlink performance represented in Figures 3-15 through
3-18 is in no sense optimum for any particular downlink service, and the configura~
tion chosen is just one in an extremely wide range of choices of subcarrier mix,

bit rates, etc.

The Carrier 1 threshold signal levels shown are for "luaded' and "'unloaded" op~-
eration, These terms imply, respectively, that ail uplink and downlink sub-

carrier services are present simultaneously, ov' that a single service only is

present. In general, a maximum of 3-" “‘fference in effective received power

at threshold is observed for the particu. Jbcarrier mix implied in Tahle 3-21. '
Similarly the Carrier 2 threshold level is degraded by a maximum of 3-dB due to
interference from Carrier 1.

TABLE 3-21
CARRIER 1 CONFIGURATION

Voice/Analog | Analog Telemetry
Parameter 1,25 MHz 1.7 MHz PCM 1.024 MHz | PCM 1.7 MHz | Ranging 0, 5 MHz
Carrier Mod Index 0.6 rad 1.4 rad 1.0 rad 1.4 rad 0.1 rad
Subcarrier Suppression
(single service) 7.8dB 2.8dB 4,1dB 2.3dB 20.0dB
Subearrier Modulation 1/10 kHz FM 75 kHe FM Bi¢ PM Bi¢ PM PRN
F . |Subcarrier Deviation +8/20 kHz 475 kHz + 7/2 rad +7/2 rad Modulo 2
7.8 to 125 to
Bit Rate N/A N/A 128, 000 bps 256, 000 bps 1 Mbps
Predetection Bandwidth | 25/155 kHz 660 kHz N/A N/A N/A
3-57
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SECTION 4
UPLINK SERVICES

SGLS uplink services provide for the transmission of commands, analeg data, PRN
ranging code, and voice communications from the ground atation to the spacecraft.
This section describes these services as well as the baseband structure and design
characteristics of the uplink. This descriptien is followed by an examination of up-
link performance in terms of effective radiated power and carrier power distribu-

tion.
4.1 UPLINK FUNCTIONAL DESCRIPTION

Uplink sorvices are provided by signals that have a minimum spectral width con-
sistent with the required information bandwidth; The technique employed uses
phase modulation with an index not greater than 1, 5 radians, This signal provides
a carrier of adequate strength for phase-locked-loop acguisition and lock to assure
data demodulation and coherent downlink carrier generation, Information is
transmitted by and recovered from the first sidebands., Interference between
services is minimized by the proper selection of subcarrier frequencies and

modulation indices.

4,1,1 Uplink Baseband Structure

The radio frequency carrier is modulated by the uplink baseband signal, which
consists of the PRN ranging code sequence combined with the subcarriers carrying
the other uplink services. The amplitudes of individual components of the base-
band can be adjusted individually in four steps. After the amplitudes of the
individual components are selected, the signals are combined to form the baseband.
An adjustment is provided to set the RF modulation index. A peak modulation index
of 1.5 radians will not diminish the RF carrier power more than 6 dB below its

4-1
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unmodulated level. The typical case uses peak deviations ranging from 0.5 to 1.0
radian, which diminish the carrier from 0,6 to 2.4 dB.

The uplink haseband is illustrated in Figure 4-1 whevrein the frequency bascline

is successively expanded to clarify the fine structure at the lower frequencies and
show how they relate to the suboarrior frequencies. Referring to Figure 4-1

low-, medium-, and high-rate commands are transmitted in the form of ternary
NRZ digitel signals represented by ternary FSK subcarriers. The groups are
centered near 2 kHz, 80 kHz, and 1,0 MHz. Only one command-rate group is used

at n time.

Anaiog data is transmitted by frequency-modulating a 1.25-MHz subcarrier, with
an information bandwidth up to 20 kHz.

Voice signals fregquency-modulate a 30-kHz subcarrier with the modulation signal
pre-emphasized at approximately 6 dB per octave to improve the signal~to-noise
ratio in the vehicle subcarrier demodulator.

PRN ranging sequences consist of a pseudorandom-coded binary signal, with a
1-Mbps rate. This signal phase-modulates the RF carrier directly. The spectrum
for such a signal is a set of spectral lines that have a power density proportional to
(sin x/x)z, with the first minima at £1, 0 MHz about the carrier. This specirum
makes the selection of subcarrier {requencies near 1.0 MHz most suitable for
high-rate commanding and analog data transmission, since minimum interference
from PRN will be experienced. The selection of the region around 80 kHz for
medium-rate commanding also minimizes interference from PRN by avoiding con-

centrations of power resulting from the periodic nature of the PRN code.

Table 4-1 summarizes the characteristics of the uplink baseband.

4-2

PHILCO <;‘_)

WDOL Division

-

domey




WDL-TR3227~-1
Volume I, Part 1

UPLINK
e CARRIIN
me—ANALOG SUBGARRIR /== VOICL WACARRIIN
B s
MANI LU
-
- - -
- ~ - - -
H A e ’ 51../ MG (MHe}
128077 0y 88 RS R ’ ': VN 0,00 4,28 0.3877 %
’
Fl ’ / \\ N N\
’ ! \ N
/ U \ \\
’ ‘ / \ ~ - VOICE SUBCARRIER

N A
MM

+7 miom )
’ nat RATE
1 COMMANDS " COMMANDS )
i m L ,./\J 1
----- P 4 ¢ J l == == REQ (kM
10595 176 63 . -2 'M\\ w87 w8 1100 t
i N
’ N\
/7 \
’ A Y
¢ N LOW.RATE COMMANDS
’ N
, \
4
\
l’ | )
- a - ! Ln[ - = — — FREQ (kH)
20 2 |2 w0

Figure 4-1 Characteristics of
Uplink Baseband

Commanding

A noncoherent system is used for SGLS commanding since the demodulation equip-
ment in the spacecraft is more reliable, weighs less, and consumes less power.
While analysis (Volume III, Appendix V) indicates that a coherent system would have
thresholds 7 dB below a noncoherent system, the higher threshold of the latter is

§ more than offset by the 15 to 40 dB greater margins on the uplink compared to those
| on the downlink,

Command transmission is performed by a ternary data link, using frequency~shift
keyed (FSK) subcarriers to represent the three data states of the ternary system.
The data symbols "1, "0, and "'S" are each represented by a discrete frequency.
Only one frequency is permitted to appear at any time, and at no time may signals
be absent. This is a nonreturn-to-zero (NRZ) signal providing a "carrier'" for a

sync wave amplitude-modulation,
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The command signal contribution to the baseband can be varied from zero modu-
lation of the carrier through nominal values of 0.1, 0.3, and 1.0 radian. Figure
4-2 llustrates the ternary FSK command subcarrier amplitude modulated by the

sync signal.
] -t
Moduletien Pacto (M)--‘ML—-.MM-O.NNN
viaton Factor MAx’MlN

Syne Daley o &

' '
9 81t Pariod (7) e * o ] ° v o

Y. Medulation lope 18 telongular for all o
rotet axcept the 100-kbps rete, whote bandwidih
rettriction results In a slne-wave modulation envelepe,

2, Fraquenclies are not drawn to scale.

Figure 4-2 Typical Command Signal Waveform

Table 4-1 indicates the ternary frequencies associated with the low-, medium-~,
and high-rate command signals. At the low- and medium-baud rates, the signals
are generated by keying on and off the outputs of constantly running oscillators.
Demodulation of low~ and medium-rate commands in the vehicle is accomplished
by sets of three filters, followed by envelope detectors and logical decision cir-
cuits that determine which channel contains the greatest signal-plus-noise. At
the high~baud rates, the signals are generated by a voltage-controlled oscillator
(VCO) that responds to keyed step-function voltage inputs. This method is used

because the spectrum out-of-band drops 12 dB per octave for the VCO versus
6 dB per octave for the keyed oscillators. This minimizes the crosstalk in the
1. 25-MHz analog channel.

The limiter-discriminator predetection bandwidth in the vehicle is typically
200 kHz. Thus the 100, 000-baud commands will be processed in a narrowband
system, but the same system will appear to be a wideband FM system to the
10, 000-baud command signal. Analysis (Volume III, Appendix V) shows,
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TABLE 4-1
UPLINK BASEBAND CHARACTERISTICS
. Subcarrier
Service ng::&\:g&n Modulation Subcarrier Deviation
Frequency (Peak)
Voice 200 Hz to 3 kHz FM 30 kHz +3,0 kHz
Analog 100 Hz to 20 kHz M 1.25 MHz %30, 0 kHz
Low-Rate 1 and 20 bauds FSK 1 2,05 kHz N/A
Command 0 2,40 kHz
s 2,79 kHz
Medium- 100, 1000, 2000 FSK S 65 kHz N/A
Rate Com= | bauds 0 76 kHz
mand 1 95 kHz
High-Rate 10k bauds FSK 1 0. 975 MHz N/A
Command 0 1.024 MHz
S 1,073 MHz
High-Rate 100k bauds FSK 1 0.989 MHz N/A
Command 0 1.024 MHz
S 1.059 MHz
Ranging 1 Mbps Direct N/A N/A
Carrier .
PSK
however, that, when optimum
frequency deviati d,
requency deviations are use TABLE 4-2

the difference in performance

COMMAND THRESHOLDS

of the wideband case compared
0.9 dB. Table 4-2 lists the 10, 000 +49 kHz 19.5 dB
optimum frequency deviations 100, 000 +35 kHz 20. 4 dB

and associated signal thresh-

olds for a bit-error rate of 10-5.

Based on this analysis, the FSK threshold signal-to-noise ratios (SNR's) for a bit-
error rate of 1072 have been established at 20 dB measured in a bandwidth equal

to the baud rate.
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To minimize the digital error rate in the presence of disturbances such as noise,
the command data pulses should be sampled at a time when the pulse amplitude
reaches a maximum value. As noted above, the sampling pulse is derived from a
synchronizing signal that is amplitude modulated onto the command suhcarrier,

The phase of the synchronizing signal must be selected such that its zero crossings,
which generate the sampling pulses, are colhcident with the maximum value of the
data pulses. The latter is, however, affected by timing uncertainties introduced

by both ground and vehicle equipment as well as sync jitter due to link noise,

These sync timing uncertainties were analyzed ( Volume I, Appendix A) to determine
the optimum total sync delay for the various command rates and the impact on the
SNR (in the vehicle signal conditioner) required to maintain a bit error rate of 10"5.
In addition, a proposed value for the ground equipment sync delay was established.
The results of this analysis are listed in Table 4-2A,

TABLE 4-2A
Command Rate
Parameter 100 k baud Lower Rates
Total sync uncertainty 0,113 T " 20, 06T
Optimum total sync delay 0.73 T 0.94T
Increase in SNR for B,=10™°| 0.50 dB 0.18 dB
Sync Delay allocated to
Ground Equipment 1 0. 60T 0.60T
0,10 T +0, 03T

T = bit period
T = this sync delay optimum for 1 kbaud rate

The allocation of sync delay to the ground equipment (0. 607) is based on a vehicle
design which employs a 1 kbaud command rate, Note, however, that the optimum
total sync delay is relatively large for both the 100 kbaud rate (0. 737) as well as
the lower rates (0,947). Since this is the case, it is proposed that this ground
equipment delay (0. 60 T) be fixed and system design be optimized by the selection
of an appropriate delay in future vehicles for the specific command rates of

concern,
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Ranging

The PRN ranging code is initiated by the transmitting code generator, and, after
shaping, is combined with other uplink services and applied to the transmitter
modulator. A four-gtep attenuator perr:nits selection of modulation indices of 0,
0.1, 0.3, and 1.0 radian by selecting attenuator steps 0, 1, 2, or 3 on the base~
band assembly unit. After demodulation of the uplink signal in the spacecraft, the
uplink baseband is applied to an 800-kHz lowpass filter, The filter output includes
the PRN range signal, as well as low- or medium-rate command signals and the
voice subcarrier, if any of the latter uplink services are active., The PRN

range signal is retransmitted (on Carrier 1) to the ground station by application
of the filter output to the transmitter modulator. Note that any low-or medium-
rate command or voice signals present on the uplink will also modulate the down~-
link transmitter. This latter modulation is undesirable in that it reduces the
power available for Carrier 1 downlink services. Since the vehicle transponder
has a 1:1 turnaround modulation ratio (Volume III, Appendix X), low-level
modulation indices should be used on the uplink to minimize this undesirable
modulation of the downlink.

Analog Data

On the uplink, analog data is frequency-modulated on a 1,25-MHz subcarrier, with
frequenéy deviations of up to +30 kHz and an information bandwidth of 20 kHz.

The nominal modulation index of the analog signal on the RF carrier is adjustable
in steps from 0 to 0.2, 0.6, and 1.2 radians.

The analog FM channel is subject to interference from the 100-kbaud ternary FSK
command. The derivation of the spectrum of a ternary FSK signal is given in
Appendix XI of Volume III. Analysis shows that, with respect to the total PCM/
PM power that falls in the 100-kHz predetection bandwidth of the analog FM sub-
carrier, a single VCO is 9 to 12 dB superior to three separate, gated oscillators
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as a modulator (Volume III, Appendix V). Consequently, the VCO is used as the
high-rate FSK source to minimize interference from the high-rate command signal

in the analog channel,

At the optimum deviation of 35 kHz (Volume III, Appendix V) for 100-kbaud com-
mand data, the interference power in the analog channel is 30 dB below the total
FSK power. This is a conservative figure by perhaps 3 dB because the envelope
(rather than the exact distribution function) of the spectral density lobes was inte-
grated. Finally, the worst ternary case was considered because the probability of
occurrence of the 0-pulse was made vanishingly small. This is a worst case be-
cause the 0-pulse is transmitted as the center frequency. In the other limiting
case, where the probability of occurrence of the 0-pulse is unity, the spectrum is
a spike at 1.024 MHz, and, as this probability approaches zero, the spectrum
spreads out. As an additional complication, the sync signal is transmitted as
amplitude modulation on the FSK subcarrier. The presence of the AM spreads

the spectrum, thus enhancing the interference power in the analog channel. Plots
of the envelope function that was integrated with the FSK as compared with the
amplitude~-modulated FSK spectra (Volume III, Appendix XI) indicate that the inter- ;
ference power estimates mentioned above are valid for the amplitude-modulated
FSK signal. The interference power estimates are still conservative but the

margin of conservatism is somewhat reduced.

Voice

o

The voice subcarrier is centered at 30 kHz, and is frequency-modulated with
deviation of £3 kHz, by pre-emphasized voice signals. The subcarrier level can
be adjusted in steps to provide nominal RF carrier modulation indices of 0, 0.1,
0.3, and 1.0 radian. As noted previously, the voice subcarrier is one of the sig-
nals unavoidably turned around with the PRN to modulate the downlink. The voice
subcarrier power on the downlink interferes with the PRN and uses sideband
power that should be devoted to downlink services. Therefore the uplink voice RF

modulation index should be no larger than necessary to provide adequate voice

communication. -
The command and analog channel frequencies were selected to minimize inter - .
ference from the PRN ranging code. The voice subcarrier, however, was f
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established at 30 kHz to be compatible with the Unified S-Band System (USB), As a
result, many discrete PRN components fall within the passband of the voice sub-

carrier demodulator,

Analysis indicates that interference from the C component of the short code is
generally most serious, because the amplitude of that component is greatest. *
Assuming equal peak deviations for the FM voice subcarrier and the PRN signal
(Bpy =BpryN @nd a peak voice frequency deviation of 3 kHz, the S/I is 24 dB for
the fundamental of the Cs component, When the deviation is 0. 3 radian for the
FM subcarrier and 0. 1 radian for the PRN signal, the S/I imprcves to 33 dB.

The next largest interference signal is the product of two PRN-code components,
X Bs’ but the amplitude of this signal is considerably smaller. Using equal peak
deviation for the PRN and FM signals and a peak voice deviation of <. 3 kHz, the
S/I is 31 dB. When the deviation is 0, 3 radian for the FM signal and 0, 1 radian
for the PRN signai, the S/I rises to 41 dB,

Interference is most severe where tones fall at the edge of the band; i, e., the fre-
quency difference between subcarrier frequency and the frequency of the interfering
PRN component is near the upper limit of the voice passband. This is the case

for the Cs fundamental that appears at 33, 3 kHz in the bageband, However, because
the uplink voice circuit uses pre-emphasis, the de-emphasis circuit in the vehicle
signal conditioner reduces this edge-of-channel interference by a factor of 10 dB.
Therefore, the overall full-load-tone S/I should be about 33 dB for the worstcase

Cs interference,

4,1.2 Uplink Transmission

The current SGLS equipment design includes a new high-power transmitter that
uses a TWT amplifier instead of the klystron amplifier used in the initial Demon-
stration Ground Station (DGS). In addition, the current system interfaces with the

* Final Design Report, Space-Ground Link Subsystem, Volume I - Vehicle, TRW
Systems, 1 February 1967,
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high-gain as well as the low-gain antenna. The effects of these design changes
were evaluated and the results are discussed in the following subparagraphs.

Envelope Delay Distortion

An information-bearing signal has a spectrum consisting of discrete frequency -
components, each having a specific amplitude and phase as compared to the carrier

amplitude and phase, A signal with such a spectrum can be applied to a suitable .
demodulator and the original information recovered. However, it is essential to

faithfu! reproduction of the original that the amplitudes and phases of all the com-~

ponents be unchanged before reaching the demodulator. Thus, if a signal passes

through any device that delays a part of the spectrum more than any other, the dif-

ferential time delay will manifest itself as phase shift varying over the spectrum,

and will cause distortion to appear in the demodulator output (envelope delay

distortion).

The effects of changing the envelope time delay in the 10-kW power amplifier were
analyzed when the TWT power amplifier was substituted for the klystron used in
the DGS. The klystron response curve is typically that of a bandpass filter, which
has a strong parabolic component of phase delay near the skirts of the curve. The
response of the TWT, on the other hand, is relatively flat, but it has an apparently
nonperiodic ripple structure that varies from tube to tube, and that may exceed the
0.2 nanosecond envelope delay permitted by the original transmitter specification.
Typical klystron and TWT envelope delay curves are presented in Figure 4-3.

The analysis was performed using a digital computer that was programmed to
simulate phase modulation by a 200-kHz sine wave and a 550-kHz sine wave simul-

taneously, each with 1.0 radian peak modulation index.

The computer program developed the spectrum of the modulated carrier and then

systematically applied phase delays in an 8-MHz interval to the individual spectral

lines. The resulting spectrum was then demodulated, assuming an ideal phase

demodulator, and the resulting two-tone signal (plus distortion components) was .

compared to the original to evaluate the distortion. s
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NOTES
1. Kiystron delsy was scaled trom scceptance test data for VA-860,
2. TWTY data was obtained from scceptance test for VA~844 Serini No. 007.

Figure 4~3 Kiystron and TWT Envelope Deley Curves

Three cases were analyzed. Case 1
is for the original differential time TABLE 4-3

delay specified for the TWT trans-

TWT ENVELOPE DISTORTION ANALYSIS (8~-MHz INTERVAL)

Purameter Cage 1 Case 2 Case 3
mitter. Case 2 doubles the values in
) ‘ Linesr Time Delay (ng) 16.5 33,0 13.0
Case 1. Case 3 was an estimate of Parabolic Time Delay (ng) 1.5 3.0 26.0
the probable differential time delay Ripple (ns) 0 0 0
-5 -4 -51
values for the TWT under worst-case Distortion (dF) % !

conditions. The parameters and
analytical results are presented in
Table 4~3. It is concluded that dif-
ferential time delays of the magni-
tudes evaluated will not degrade the
uplink performance to any measurable
degree.
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Limits on Transmitted Power vs Irequency

The SGLS 10-kW power amplifier is inherently a broadband device. No problem
exisis when the transmitter is working in the "dummy load" mode so long as the
excitation remains within the frequency range where the high-power circulator is
effective, A safe operating range for testing in the "dummy load' mode is 1. 7 to
2,0 GHz, The circulator has a high-frequency cutoff near 2.4 GHz, but at this
frequency the TWT still has appreciable gain. Therefore, if the drive frequency
approaches this region, there is a strong possibility that unstable operation will
result, even though the dummy load is presenting a near-unity VSWR, These
considerations are of primary interest during tests of transmitter frequency

response when a sweeping oscillator may be used for the driving source.

When the transmitter is in "radiate' mode, the presence of the transmitter output
: filter between the antenna feed and the TWT amplifier restricts the operating fre-

quency to the range of 1730 to 1850 GHz, This restriction is due to the increased

reflected power outside the filter passband, which activates protective deviees that

remove beam power from the TWT.

Transmitter Operation at High VSWR

The transmitter is specified to operate at maximum power without VSWR's not
greater than 1, 68:1; however, investigation shows that operation at higher VSWR's
will not damage the transmitter. In normal operation, the transmitter turns off

the beam supply automatically whenever the reflected power measured at the trans- -
mitter output exceeds a nominal 3.0 kW, This protects the RF load for the high -

3 power isolator against excessively large power levels . However, a 'critical
mode' can be initiated in emergency situations, in which the normal 3-kW limit

on excess power may be exceeded. Effects of high-VSWR operation were studied

and significant results are shown in Figure 4-4.
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The TWT must supply circuit
losses and a net transmitter out-

put of at least 10 kW, Figure 4-4 - 14 e 124 ] N

shows the relationship betweenthis .| 7/~

useful output and the output of the

TWT, Below 1, 5:1, the useful 10}~

output can be maintained by in- - heful Qupt

creasing the TWT output to inake $ ﬂ- gt Sl b

up reflected power loss. Above E Metered Power \

1.5:1, the TWT is delivering its o

power limit, and necessarily, as T3 o ‘ /

the reflected power increases, ‘T \ 3k Raflecred Powar |

the useful ouiput power falls. L K o / '___ SR RT—
N///

The curve for "reflected power" o e L ) L L L. 2

is above the "'reflected power in Load VSWR

circulator load" because of cir- Figura 4-4 TWT Output vs Load VSWR

cuit losses between the reflected power monitor point and the circulator load. The
circulator is rated to dissipate 4.5 kW, as indicated on the curve,

The ability of the transmitter to operate at high VSWR's also depe.ids on the stability
of the individual high-power TWT. This factor is not predictable, and must be ob-
tained experimentally for each TWT /circulator pair. The TWT is required to meet
specifications when the load VSWR at its output flange is 1.2:1. The isolator
(circulator) attenuates reverse power 18 dB, corresponding to a VSWR at the TWT
of 1.09 when the load VSWR is near 5:1 on the output port of the isolator.

Transmitter-Receiver Isolation

High-Gain Antenna, The high-gain antenna uses a multipurpose feed (MPF) in
which the transmitting and receiving horns are physically separated but electromag-
netically coupled due to proximity. The isolation factor is a minimum of 20 dB
when the transmitter is in the 1.75- to 1,85-GHz frequency band. The transmitter

] develops 70-dBm output power, and, allowing for transmission losgs to the feed, the
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net power at the tranamitting feed horn is 68 dBm. Afier the 20-dB coupling loss to
the receiving horns, the net maxiinum power in the receiving channel is 48 dBm.,

The selective filter at the input to the parametric amplifier is designed to provide
170-dB insertion loss to signals in the transmitting frequency band, which results
in a transmitter power level at the parametric amplifier input of -122 dBm. Since the
GRARE tracking threshold input signal (for a 6-dB S/N ratio is a 200-Hz tracking
loop) is approximately -145 dBm at the input to the parametric amplifier, so that
the signal-to-interference ratio (S/I) is ~23 dB at this point,

A 5-pole Chebyshev bandpass filter between the parametric amplifier output and

the down~converter input attenuates the transmitter signal 100 dB without mater-
ially reducing the received 2.2-GHz signal. The S/I ratio thus becomes 93 dB at
the input to the down-converter, which is the first nonlinear device in the receiving
system. Figure 4-5 illustrates the transmitter-receiver interface for the high-gain

SGI—S.
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Figure 4-5 Transmitter-Receiver Interface, High-Gain SGLS
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Low Gain Antenna. The low-gain SGLS system uses the 14-ft wideband (Prelort)
antenna, which has a conical-scanning feed that is used simultaneously for trans-
mission and reception, The transmitter-receiver interface is illustrated in Figure
4-6, The transmitting power level applied to the feed is 68 dBm; the diplexer
attenuates this signal at the receiver input port to -102 dBm, The received signal
required at the same point for tracking with a 6-dB margin in a 200-Hz phase-locked
loop bandwidth is -145 dBm. The parametric amplifier therefore sees -43 dBm

S/1 ratio at its input,

The transmitter signal level at the input to the 5 pole filter is -92 dBm due to the
At the same time, the parametric

gain of the Parametric Amplifier (+10 dB).

amplifier provides 26-dB gain for the received signal which improves the S/I
ratio to ~27 dB. The 5-pole filter in the down-converter input further attenuates
the transmitter signal by 100 dB, sc the net transmitter interference power at the
down-converter mixer is -192 dBm, This is 73 dB below the tracking threshold,
with intermodulation products in the receiver passband also more than 73 dB

~ below tracking threshold.
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Figure 4-6 Transmitter—Receiver Interface, Low-Gain SGLS
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Transmitter Noise

PHILCO l D

The SGLS 10-kW uplink transmitter generates in~band and out-of-band noise,
Noise is also generated by the multipurpose feed (MPF) when it is functioning
at high-transmitted-power levels. These effects are discussed in the following

paragraphs,

In-Band Noise. In-band noise generated by the transmitter is random phase modu-
lation that is caused by thermal disturbances in the exciter, by ampiitude modula-

tion of the beam voltage, and by mechanical disturbance of the. equipmen}: by

rotary machines and fluid motions. Excursions attributable to all these causes are
specified not to exceed 50 milliradians peak. Tests were performed on the 10-kW

TWT to determine the power supply ripple, and the resulting phase modulation was
computed. Calculations indicate that phase noise in the final amplifier does

not exceed the specification value,

Out-of-Band Noise. The SGLS system requires that operation of the 10-kW trans-

mitter will not degrade the system noise temperature by more than 2% com-
pared to the noise temperature when the transmitter is not running, The noise
performance of the 60- and 14-ft antennas meets this requirement.

e GO-ft Antenna: The receiving system noise temperature is 336°K,
which is a noise density of 4.64 - 10—18 mW/Hz. The spectral
noise density of the transmitter is below -183 dBm/Hz, and this
figure is attenuated 20 dB by the coupling loss between transmit and
receive channels in the MPF. The noise density from the trans-

mitter seen by the parametric amplifier input is therefore 5 - 10—21

mW/Hz, This power added to the receiving spectral noise density

increases the receiver noise density to 4.695 * 10718 mW/Hz, which

is equal to 340°K. The specified 2% increase in spectral noise .
density in the receiving channel would raise the temperature to 342.7°K,

leaving a margin of 2.7°K.
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e 14-ft Antenna: The 14~ft antenna has the diplexer transmit arm and
the transmitter spectral noise filter in line with the noise path to the = .
receiver input, which provides 80 dB more isolation than that obtained
in the high-gain SGLS. Thus the increase in system noise due to trans-
mitter spectral noise density is considerably less than 2%,

4.2 UPLINK PERFORMANCE

This section presents the uplink performance in terms of effective radiated power
and typical power budgets. Additional infcrmation is provided to assist the SGLS
user in optimizing performance for specific uplink configurations.

4,2,1 Effective Radiated Power

The SGLS uplink transmitter is capable of providing 10 kW of RF power to the
transmission line over the 1,75 to 1.85 GHz frequency band. The effective
radiated power (ERP) varies as a result of site-peculiar differences in the (1)
transmission line, (2) RF system losses, and (3) gain of the antenna. Either of
two antennas is used with the SGLS system: a 60-ft-diameter parabolic reflector
fitted with a multipurpose feed (MPF) to provide 46-dB gain, and a 14-ft diameter
parabolic reflector fitted with a conical-scanning feed to provide 34~dB gain. The
effective power radiated by each type is discussed in the next two paragraphs.
Values shown are the rated maximums; output power can be controlled from
‘nearly zero up to the values derived in the following paragraphs.

TABLE 4-4
EFFECTIVE RADIATED POWER (HIGH-GAIN SGLS)

ERP Iﬁgh-Galn Co@ﬂl—r-ation. Parameter Gains Lossges
The high-gain configuration
. - Transmitter Output +70 dBm
(Figure 4-7) uses a 60-ft para VEWR s dn
bolic reflector illuminated by Waveguide, 105 feet -0.5dB
the MPF S-band transmitting Rotary Joints (2) -0.2 dB
radiator. The performance Radome Loss -0.6 dB
. Antenna Gain +46 dB

values (Table 4-4) are typical

Totals +116 dB -1,6 dB
of the high~gain SGLS uplink,

Effective Radiated

Power: +114, 4 dBm
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Ratary Rotary
SGLS 10-kW ————“f : Multipurpose
T Joint 60 1t Jolnt 20 1t ong
Teansmltrer ]— (Azimuth)  [F (Elavation) E“‘ l Feed
Outputs +70 diim \ loss =0.1¢B Loss = -0,1 dB Antenna Gain
46 dB
VSWR
1.7 M. Radome Loss - 0,6 d8

* All Waveguide is WR-430 {Loss

0.49 dB/100 1)

Figure 4~7 High-Gain Contiguration

SGLS 10-kw
Transmittes

Diplexer
loss  -0,25 dB

. SGLS Prdort
Waveguide
Switch

Feed

Qutput 170 dBm Loss (Pt. A to Feed) Antenna Gain  +34 dB
N -1.0dB Ford Losy -1,0 dR
Point B Conscan lass -2.0 B
VSWR  1.2:1 Point A Radome Loss -2.0d8
VHWR 1.8

* All Waveguide is WR=430 (Loss = 0,49 dB."100 f1)

Figure 4-8 Low-Gain Configuration

ERP Low-Gain Configuration. The low-gain configuration (Figure 4-8) uses a 1-1-ft

parabolic antenna (the wideband Prelort) illuminated by a conical-scanning feed,

TABLE 4-5
EFFECTIVE RADIATED POWER (LOW GAIN SGLS)

Parameter Gains lLosses
Transmitter Output «70 dBm -0, 04 dB
VSWR at "B" -0, 13 dB
Waveguide, 25 Ft -0, 25 dB
Diplexer Loss -0. 38 dB
VSWR at "A" -1. 00 dB
Loss "A" to Feed -1, 00 dB
Feed Loss ~-1. 00 dB
Conscan Loss -2.00 dB
Radome Loss -0, 20 dB
Antenna Gain +34 dBm
Totals +104 dBm -5, 00 dB
Effective Radiated Power +9, 0/ dBm

The performance values (Table 4-5) are typical of the low-gain SGLS up-link.
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Iigure 4-9 Space Loss for 1.8 GHz Uplink

4,2,2 Carrier Power Distribution

Typical Power Budget. High-gain SGLS uplink performance is presented in
Table 4-6. This is a typical uplink calculation, Figure 4-9 shows the space
loss for the 1. 8-GHz uplink signal as a function of range from 1 nmi to 1 million

nmi, To find total received power at any range, enter the abscissa on the graph
at the desired range, and read the space loss on the ordinate at the left,

The performance for the low-gain SGLS uplink is found by using the values for the
high-gain case, then reducing the received power by 15 dB, to account for the
reduced ERP of the low-gain configuration.

Subcarrier Power. Once the total power received at the vehicle equipment is
known, it is necessary to determine what part of the total can be allocated to each
of the four uplink seryices (ranging, command, analog data, and voice). The
SGLS equipment cdntfols the composition of the baseband by pushbutton selection
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TABLE 4-6
TYPICAL UPLINK POWER BUDGET
Parameter Value

Effective Radiated Power, High-Gain SGLS 114 dBm
Vehicle (Typical)

Antenna Gain . 0 dB

Polarization Loss -3 dB

Diplexer Loss -1.5dB

Cable (3 ft, RG-9) -0. 5 dB

VSWR (2, 5:1) -0.9dB
Signal Power without Space Loss 108.1 dBm
Typical Space Loss (100, 00Q nrni)* ‘ =202, 9 dB.

Total Signal at Vehicle Receiver Input -94. 8 dBm

*To find carrier power for any range, add the space loss from Figure 3-~14
algebraically to 108,11 dBm.,

of modulation index in four steps. On the analog data channel, the steps are:
"off," 0.2, 0,6, and 1,2 radians (nominal values). Steps for the other three
services are "off," 0.1, 0.3, and 1, 0 radian. Table 4-7, Uplink Power Distribu-
tion, shows the effect of selecting different combinations of modulation indices for
the various services, and the carrier power remaining in each casce. The values
are given in decibels below total signal power, and can he applied dircctly to the
total received power.

Combinations shown in Table 4-7 are those considered most probable for normal
use. Other modulation index combinations result in different distributions of

carrier and sideband power, and can be calculated from

> 12 2 o g2
LT Per 29y (Bt eosT Bppy t T Jg (8
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where
so = power in first sidebands of the subcarrier of interest
1
J 0 = Bessel function of zero order
J = Bessel function of first order
1
th
By = modulation index for i service (radians)
Pt = total signal power
TABLE 4-7
UPLINK POWER DISTRIBUTION
Modulation Stope Selected Carrier and Subcarvier Power
(B helow Total FrmM
PRN Command Analog Voice

. Mod Index Mod Index Mod Index Mod Index . *

Step {radinng) Stap (radlans) Step (radiang) Step (radians) Carrier | PRN | Command | Analog | Voice
0 [(U} 0 [V} 0 {0y [i] {0) 0 OFF OFF OFF OFF
1 0.1 0 {0y 0 0 0 {0) 0.04 20.0 QOFF Ory OFE
2 0.3) 0 {0) ) (0 0 {0 0.40 10.6 OFF QFF OFy
[} [} 1 0.1 0 [} 4] ()] 0,02 OFF 23.0 OFF OFE
0 ) 2 0.3 0 [V} 0 [{(1)] 0.20 QFF 13.6 OF¥ OFrr
1 0.1 2 0.3 0 (0) 0 {0) 0.24 20.2 13.6 OFF OFrt
2 (0.3) 2 0.3) 0 {0) 0 0 0.60 10.8 14.0 OFF OryF
1 0.1 2 0.3) 1 {0.2) 0 [{0] 0,33 20.3 13.7 17.3 OFF
1 0.1y 2 0.3) 2 {0.6) 0 [G)} 1.04 21.0 14.4 8.1 OrR
1 0.1 2 0.3) 2 (0. 6) 1 (0.1) 1.06 21,0 14.4 8.1 24.1

Carrier power diminishes with increasing modulation indices, and can be approx-
imated by considering only the first sidebands, as in

2 D2
Pe = Py cos Bppy - Mo B

When the ranging signal is the only modulation, the power in the sidebands will be

2
Pppn = sin Bppy Pros
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and the power in the carrier will be

_ 2 .
Poar = €08 Bprn * Pt

where
= total power transmitted

modulation index of the ranging signal

: ‘ ¢ » )

P
BPRN
P = wer in PRN 2
PRN po sidebands
pcar = power in the transmitted carrier
w
i
.
When the PRN ranging signal is not the exclusive occupant of the uplink, then the
power in the ranging spectrum will be
n
P = sin?B m a2 | P
PRN PRN i=1 071 t
Values of B, along with the first Bessel functions and their squares, and values
, , 2 : 2 .
of sin(g), sin"(B), cos(B), and cos”(B) are presented in Table 4-8,
TABLE -4
BESSEL AND TRIGONOMETRIC FUNCVIONS OF MODULATION ANGLE %
Modulation Bessel Functions I'rigonometric Functions
Index " n o 7
(P radians) -ln(m J;')(ﬂ) "1 (Hh .l;(ﬁl sin(dy sin” (1) cos( ) cos”™ ()
O | . 0000 1. 0000 0, 0000 0, 0000 0, 00y 4, 00040 1. 0000 1. 00040
0,1 O, 9975 1, 9930 0. 0454 o, K025 0, 0998 000990 10,9050 i}, H900
0,2 1, 9900 0, 4801 0. 04 0, 0099 o, 1987 O, (805 0, 1501 O, 0604
0,3 0, 4776 0, 9557 i, 1143 0, 0220 G, 29055 0, 0874 0, 9353 a, 9121 -
0.6 0, 0120 0,8317 4.2867 0,0822 0, 5606 0, 3185 0,.8253 0, 6810
1.0 0, 7652 4, 5805 0.-4101 0, 1937 [[REH R 0, TR0 0,5103 0, 2920 »
1.2 0,671 0,415304 0, 1953 0, 200 {4, 89520 0, #iisi o,oa621 [
=
-t
-
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Uplink Service Thresholds. Typical signal thresholds for the uplink services are
shown in Table 4-9, The values listed are based on an assumed signal-to-noise

density ratic of -164 dBm/Hz.

TABLE 4-8
TYPICAL UFLINK THRESHOLD LEVELS

Service Rango Commandis - Bit Rates Data

Typloal Vehicle Parameters |  Unit PRN 1 20 160 1 2k 10k | 100k | Analog | Volee
Signal-to-Noise Density dBm/Hz ~1G4 ~-164 -164 -164 -164 «164 164 -164 -164 =164
Bandwidth dB 0 13 20 30 43 40 50 50 1t
Noise in Bandwidth dBm -164 -~151 =144 =134 -131 ~124 ~114 -104 «151
Margin

PRN Demodulator dB 26.6° - -

Filter-Detector dB - 20° 20° 20° | 20° 20° - - - -

Discriminator dB - - - - - - 20¢ 20t 10(l 10‘l
Required Subecarvier Power dBm -137.4 -144 ~131 -124 . -114 -111 -104 -94 -94 ~-141
ﬂCommﬂnd andwidth in Hz assumed cqual to signalling rate in bauds,
bsee Volume 111, Appendix 11,
®Sec Volume 111, Appendix V.,
d'l‘hreshold of a conventional FM discriminator.
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SECTION 6§

GROUND STATION DESCRIPTION

This section describes the equipment items that comprise the SGLS ground station
and delineates their physical and functional relationship with each other and with
other RTS equipment items. Paragraph 5.1 describes the individual equipment
items, Paragraph 5.2 illustrates the equipment arrangement at a typical remote
tracking station, and Paragraph 5.3 describes built-in system test capability.

5.1 EQUIPMENT DESCRIPTION

The functional schematic block diagram of the SGLS ground station (Figure 5-1)
depicts the interrelationship of the various SGLS equipment items and the interfaces
with non-SGLS RTS equipment items. The color coding on the dlégram enables the
reader to readily distinguish between SGLS equipment items that are common to all
stations (black) and those that are unique to a particular antenna configuration (blue
or green). The equipment has also been segregated according to the equipment
area in which it is located. SGLS equipment is enclosed within heavy red lines to
distinguish it from non-SGLS equipment,

5.1.1 Antenna Interface Equipment

Either of two configurations of antenna interface equipment may be installed at the
ground station. One configuration is used with the high-gain (TT&C) antenna and
the other with the low-gain (Prelort) antenna, Functionally, these equipment con-
figurations are the same in that they provide the necessary isolation, filtering,
and attenuation between SGLS transmitting and receiving equipment,

5-1/6-2
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High-Gain (TT&C) Antenna Equipment

For those stations equipped with the high-
gain (TT&C) antenna (Figure 5-2), the
block diagrain (Figure 5-1) shows the
antenna interface equipment in blue. Two
groups of equipment are supplied for this
configuratioﬁ.- One of these is antenna-
mounted, and the other is installed in

the RF equipment area.

LIS

Figure 5-2 60-Foot High-Gain (TT&C) Antenna

The antenna-mounted equipment consists of the selective filters, parametric
amplifier, down-converter, noise source, and S-band vertex horn. The selective
filters (Figure 5-3) are waveguide

coupled-cavity bandpass devices.
Three such filters are installed
between the multipurpose feed and
the parametric amplifier., These
filters provide a minimum isolation
of 170 dB to prevent the trans-
mitted power from reaching the

receiver,

A1 oaaw

Figure 5—3 Selective Filter
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. . RE—_— - #
" — The filter outputs are fed to the

' — ) parametric amplifier (Figure 5-4),
- S S - D . S which has three channels: one for
SUM GHANNE DELTA UMANNEL | DELTA CHANNEL N

the sum channel and two for error

channels. The sum channel contains

two parametric diode amplifiers and

a transistor amplifier in cascade to
provide a 26-dB gain. The two error
channels contain a tunnel diode ampli-
fier followed by a transistor amplifier
to provide a 13-dB gain. The para-
metric amplifier outputs are fed to

the down-converter. Whereas the

error channels are fed directly, the

sum channel is routed through a
power divider (nn-SGLS) to make
this signal available to non-SGLS

users.

90 40w

Figure 5—4  2-GHz Parametric Amplifier
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The down-converter (Figure 5-5) comprises
three identical frequency translators that
use a common local oscillator whose fre-
quency is derived from the reference receiver.
Each translator comprises a preselection
filter, isolator, test signal coupler, bandpass
filter, S-band mixer, IF preamplifier, and
line driver. The down-converter's three ITF

outputs are at 130 MHz: the two error
channels are routed to the GRARE's angle
Figure 85  Down Converter track receiver, and the sum channel is
routed to the GRARE's reference
receiver.

The noise source (Figure 5-6) is a test
device that injects a noise signal to the
parametric amplifier via a directional
coupler. This signal permits quantita-~
tive determination of system noise per-
formance.

vz BEw

Figure 5—6 2-GHz Noise Source

The S-band vertex horn (Figure 5-7)

is a waveguide horn that is mounted
near the vertex of the antenna reflector.
Used as a test antenna, this horn
radiates simulated downlink signals

for pickup by the multipurpose feed
(MPF) or receives uplink signals
radiated by the MPF for system

monitoring,

048 Aew

Figure 57 S-Band Vertex Horn
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For those ground stationé \that are
equipped with the high-gain TT&C
antenna, the SGILS antenna interface
 equipment items in the RF equipment

area consist of the SGLS antenna panel,
«w=  echo check/receiver test control unit,

Figure 6-8 SGLS Antenna Panel

neise figure test set, boresight atten-
uator, and transmitting filter. As shown in Figure 5-8, the SGLS antenna panel
(in the antenna control console) contains a reference receiver AGC meter, a signal-
present indicator, and a Carrier 1 phase-lock indicator,

The echo check/receiver test control

unit (Figure 5-9) provides a means of

routing test signals within the subsystem.
- This unit allows the transmitter output
o n *  to be monitored or, alternatively,

allows simulated downlink signals to be

B8

D TRAT

~ inserted via either the vertex horn or

¢ | ;o
["»g.. EQHO OHEOKR AND AEOEIVER TEST CONTHOL ’ th e bores ight horn .

- Figure 5-9 Echo Check/Receiver Test Control Unit

The transmitting filter (Figure 5-10) is a bandpass coupled-cavity waveguide device
inserted in the 1, 8-GHz transmitter output, the filter removes any out-of-band
energy generated by the TWT amplifiers in the transmitter. The noise-figure test
set (AIL Model 355W) measures the noise figure of the receiver equipment.

The 0-t0100-dB attenuator is inserted
in the high-level 2. 2-GHz test signal
path betw een the test transponder output
and the input to the boresgight horn. The
attenuator provides positive control over
the strength of the test signal received
by the system and allows simulation of

a variety of reception conditions,

1923 -Suw

Figure 5—10 Transmitting Filter

5-8

PHILCO | s

PHILEO - F UM CORPOMBATION

WDOL Oivision




WDL-TR3227-1
Volume I, Part 1

Low-Gain (Prelort) Antenna Equipment

For those stations equipped with low-gain
(Prelort) antenna (Figure 5-11), the block
diagram (Figure 5-1) shows the antenna
interface equipment in green, With the
exception of the 2-GHz horesight horn,
this equipment is installed in the RF

equipment area. Used as a test antenna,
the 2-GHz boresight horn (mounted on a
structure approximately 300 feet from

the Prelort antenna) detects radiating
energy for either electrically boresighting

the Prelori antenna or performing a loop
test of subsystem performance.

FRERY U

Figure 511 14-Foot Low-Gain {Prelort) Antenna

The antenna interface equipment items in the RF equipment area consist of a diplexer,
the SGLS antenna panel, parametric amplifier, down-converter, receiver test unit,

spectral filter, and variable attenuator.

The diplexer (Figure 5-12) is a 3-port
device that comprises two waveguide
filters connected in a Y-configuration,
This device allows simultaneous trans-
mission and reception over a common
antenna. Isolation between the trans-
mitter and receiver ports is a minimum
of 170 dB at 1,75 to 1. 85 GHz, and isola-
tion between the antenna port and the

receiver port is a minimum of 60 dB at
2,7 to 2,95 GHz.

LT

Figure 5-12 Diplexer
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As shown in Figure 5-13, the SGLS
antenna panel (in the master radar con-
sole) contains a reference receiver AGC
meter, a conscan AGC meter, a signal-
present indicator, and a carrier phase-
lock indicator,

A -eew

Figure 5-13 SGLS Antenna Panel

The parametric amplifier is identical to that for the TT&C antenna; however, since
conical-scan signals are provided by the Prelort antenna, only the sum-channel
amplifier is used in this configuration,

Similarly, the down-converter is identical to that for the TT &C antenna; however,
only one frequency translator is used, since only one signal is present in this con-

figuration,

The receiver test unit comprises a 2-GHz noise source and a patch panel. The
2-GHz noise source is a test device that injects a noise signal into the receiver.
This signal permits quantitative determination of system noise performance. The
output of the noise source is routed to the patch panel along with the low-~level RF
test signal from the test transponder. The patch panel provides a means of in-
serting one of these signals into either the parametric amplifier or the down-

converter,

The 0- to 100-dB attenuator is inserted in the high-level 2,2-GHz test-signal path
between the test transponder output and the input to the boresight horn. The at-
tenuator provides positive control over the strength of the test signal received by
the system and allows simulation of a variety of reception conditions,

5-10
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The spectral filter (Figure 5-14) is a high-
pass waveguide device, Inserted in the

1, 7-GHz uplink signal path between the
transmitter output and the diplexer trans-
mit port, the filter removes any out-of-

band energy generated by the TWT amplifiers
in the transmitter,

0w

Figure 5—14  Spectral Filter

5.1.2 Transmitting Equipment

The transmitting equipment (Figure 5-15) provides the baseband assembly, RF
generation, and power amplification for delivery of uplink information to the trans-
mitting antenna. This equipment consists of a baseband assembly unit, a 20-chan-
nel transmitter exciter, a transmitter driver, and a 10-kW S-band power amplifier,

From Prelart Tronsmitter

| howw power =111 [T FRelonT awtena
I Commandy l E Conrrol I I Prelort/SGLS
Anclog l & Timing I Ponel ' l I ;VG'\:O:UM' = 15 Antenna l
Test "A" witc
LMT Baseband l High Byom l l l
PRN Range Assembly Voltage Contrel | !
I—‘L::T—“-J. | Unit l Units Unit I | Diplexer | :'.::|v.d
:lnh'ul l I l | | @ I
P | || b=t —— —_
l Heat Twr
Bonm ] | Exchang Amplifier ' l 10 kW
apler e~
Frequency ' } l +
Convarter I — ——— e — —
Ref. Frcqucncy' 1 ; I i r. TT&C ANTENNA-\
R Rat . F | vrorminer | o Spectral l . '
Ref. Frequency Exciter & Attenvator  }—J Noise l MPF —— Y
l | Oriver Watts Filter T l Signal l
Range | L—«———-——_—___.J | l
e tor | SGLS TRANSMITTING EQUIPMENT N T .._.l

Figure 516 Transmitting Equipment Block Diagram
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Baseband Assembly and Control Units

The baseband assembly unit (Figure 5-16)
and bageband control (Figure 5-17), func-
tionally inseparable units, acocept uplink
commands, uplink voice and analog data,
and pseudorandom noise (PRN) ranging
signals, all of which are processed and
combined to form the uplink composite

baseband.

1401 OW

Figure 5—16 Bassband Assembly Unit

The baseband control provides the panel
switches, controls, and relays for local
and remote selection of the circuit pa-
rameters in the baseband assembly unit,
The baseband control also contains logic
that assures synchronism of the command
signals with the command timing signal.
The composite baseband is applied to the
input of the transmitter exciter.

1a10-87W

Figure 5—17 Baseband Control
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Transmitter Exciter

The transmitter exciter (Figure 5-18) generates the transmitter carrier, modulates
this carrier with the composite baseband, and presents the modulated signal to the
transmitter driver. The exciter provides a phase-modulated RF output of vp to
20-mW power at 20 discrete frequencies
in the 1750- to 1850-MHz band. It also
provides unmodulated reference signals
at exactly 1/64 and 1/32 of the selected
output frequency for uge in the range
rate extractor. After receiving the in-
put signal (the composite baseband from
the baseband assembly unit), the exciter
generates a carrier frequency selected

' » from among a set of 20 crystal osctillators
N e that operate near 14 MHz. The output of
Figure 618  Transmitter Exciter the selected oscillator is multiplied in
frequency to approximately 112 MHz, and
then phase-modulated by the composite baseband input signal. The modulated signal
is doubled, amplified, and multiplied by 8 to produce a phase-modulated, low-level
RF signal output at the uplink carrier frequency.

3

Transmitter Driver

The transmitter driver (Figure 5-19)
comprises a traveling wave tube (TWT)
amplifier and associated monitor and
control circuits. The driver accepts the
low-level, phase-modulated signals from
the transmitter exciter and amplifies them
sufficiently to drive the S-band power
amplifier. The nominal 1800-MHz car-
rier input signal from the transmitter

1419 0w

exciter drives the TWT, which amplifies Figure 5-19  Transmitter Driver
the input signal from the 20-mW level to

< 5-13
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a nominal 10 watts. A directional coupler samples the output of the TWT to provide
output-level metering, spectrum display, and low-power alarm signals. The carrier
signal from the main arm output of the directional coupler is fed via a manually
controlled variable attenuator (which provides at least 50-dB continuous attenuation),
a marker frequency meter, a hybrid circulator, a through-line powcr meter, and

a coaxial switch to either the input of the S-band power amplifier or to a dummy
load.

8-Band Power Amplifier

The S-band power amplifier (Figure 5-20) consists of a liquid-cooled high-power
traveling-wave-tube (TWT) amplifier, and the auxiliaries for control, monitoring,
and protection. The amplifier accepts the phase-modulated S-band signal from

. ct.cli‘..l.l.

eoooEl

‘wg'r PR B

N S Y
.5 X I

20 8w

Figure 5-20 S-Band Power Amplifier
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the transmitter driver and amplifies it to 10 kW, An internal waveguide switch
routes the transmitter output to the antenna or, in a test operation, routes the test
signal to the internal dummy load.

The drive power from the driver is fed to the TWT via an isolator and a motor-
driven attenuator. The TWT amplifies the signal and outputs it to the antenna
through a high-power isolator. A filter assures low harmonic output 1eveié.
Protective circuitry contains an "electronic crowbar' that discharges the high-
voltage filter capacitor harmlessly in the event of an arc or overload. (The crow-
bar circuits sense various faults and cause a high-power thyratron to short-circuit
the high-voltage supply within 10 microseconds or less, thereby preventing damage. )
An automatic sensing system gives a visual fault indication, and a keylock system
enables single point control of transmitter turn-on to prevent safety hazards during

maintenance.

Control of the power amplifier is accomplished from a master control panel that
is mounted in a standard 19-inch rack anywhere within 500 feet of the transmitter.

Radiation Warning Control Equipment

This equipment (Figure 5-21) consists of
control-logic circuitry thatinterconnects
the transmitter, SOC, andvarious visual

et — -

<8

ation-hazard areas. This equipment

I
|
l
|
l
and auralwarning devices located in radi- |
|
is interlocked with the transmitter and |
interfaces with the RTS radiation warn- |
ing equipment to allow sufficient time |
for personnel to clear hazard areas ]

]

before high-power RF is radiated.

11304 08V

Figure 65—21 Radiation Warning Control
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5.1.3 Recelving Equipment

The receiving equipment (Figure 5-22) provides signal detection demodulation, demulti-
plexing, and frequency tracking. After receiving downlink signals, the receiving equip-
ment outputs voice/analog data, telemetry (PCM and/or PAM/FM, FM/FM), angle-
tracking error signals, and range and range-rate data. The equipment consists of the
ground receiver and analog ranging equipment (GRARE) and the Carrier 2 demodulator,
baseband separation unit, and the 1, 7-MHz demodulator. The GRARE (Figure 5-23) con-
tains the reference receiver, angle track receiver, range receiver, and frequency

synthesizer.
Elevation Channel (High-Gain Only}
Recorde Azimuth Channel (High-Gain Only) 1:{:;:':
(7.)“ " Carrier 2 Corrier 2 Sum Channal Interface
Demodulator Local Oxcitlator (LO) Equipment
Dato — — . ASE S — —
e gton —TERErM T e oo
d M . - q
!cuhun.d Bete. . S::i'::hina ) ?umx | < Bata Comer | kg ::HI:::
e Faeill')v & 8 Terminal A Baseband Receiver toop
Unit Carrier | | SGLS/Non- Carrier | Carrior | 10-MHz
Saseband | SGLS Swirch | Bassband Saseband i feferunce
Normal ' -
F
PCM | é . n vothasin 3
Fi L
10 MHz FM/FM PCM Dot l g Tmnﬁ;co ’Q
Handling I C? l:‘Hx |
oc!
Diserate and Code Clock I
Angle Trock
‘o_x". Aneions l Receiver Transfer
FM/FM FM/EM
1.7 MHz
: Ground GRARE
Demodulator Station L- —— : —EI-.E";_ —.w_:;: —.—J
s
Signals & Timing
Antenna Oigital
Status Control Ranging
Console Equipment

To Antenna J
o -

Figure 5—22 Receiving Equipment Block Diagram
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Reference Receiver

The reference receiver is a dual conversion de-
vice capable of operating in either phase-lock or
crosscorrelation modes. It accepts the 130-MHz
inputs(s) from the down-converter and produces
as outputs the downlink baseband(s), ranging data,
doppler data, and reference signals for use by the
angle track receiver and the doppler frequency

converter.

Angle Track Receiver

The angle track receiver is a dual-channel dual-~
conversion device, In the high-gain antenna
configuration, the receiver detects angle-tracking
errors and converts these to error voltages for
feedback to the antenna servo system. Receiver
inputs are the azimuth and elevation error channel
outputs of the MPF, Both receiver channels are
used, one for each input. In the low-gain (Prelort)
antenna configuration, however, only one channel
is used (to recover the conical-scan amplitude
modulation from the receiver input).

Range Receiver

In conjunction with digital ranging equipment, the
range receiver initially determines and continu-
ously updates the slant range of the space vehicle
from the tracking station, During initial range
determination, the range receiver compares the
receiver PRN code with the transmitter PRN code
and produces a signal (correlation voltage) that
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is a measure of the degree of correlation between these codes. (The digital ranging
equipment uses this signal to establish the initial vehicle range.) The range re-
ceiver also compares the received clock signal with the transmitter clock and
produces the doppler of the two signals. When initial determination is complete,
the digital ranging equipment uses.this doppler signal to update the vehicle range.

Frequency Synthesizer

The frequency synthesizer (Figure 5-24) accepts the signal from the reference
receiver VCO and produces an internally synthesized frequency output that tracks
the input frequency. After X96
multiplication, this output is used
as the first LO frequency in the
down-converter. The synthesizer -
also internally produces the 500~

kHz reference frequency output

2330-68w

Figure 5-24 Frequency Synthesizer for use by the PRN-ranging
equipment.
Carrier 2 Demodulator roe

The Carrier 2 (Figure 5-25)
demodulator comprises an IF
amplifier, two phase detectors,
filters, automatic search and
acquisition circuits, and associ-
ated circuitry., The demodulator
accepts the Carrier 2 baseband
signal from the reference receiver
and provides the high-rate PCM
bit stream output. Figure 5-258 Carrier 2 Demodulstor

190 -SAW
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Baseband Separation Unit (BSU)

This equipment (Figure 5-26) comprises the filters, phase detectors, and amplifiers
that are needed to separate the three subcarriers from the composite Carrier 1
baseband. After separating the sub-
carriers, the BSU demodulates the
analog data from the 1.25-MHz sub-
carrier and the PCM data from the
1.024-MHz subcarrier. The BSU
upconverts the 1.7-MHz subcarrier
to 10 MHz for processing by the 1.7~
MHz demodulator. BSU outputs are
voice/analog, predetection voice/
analog, low-rate PCM, predetection
low-rate PCM, and the 1.7-MHz

wa  Subcarrier upconverted to 10 MHz.

Figure 5-26 Baseband Separation Unit

1,7- MHz Demodulator

This unit (Figure 5-27) accepts a
10-MHz, biphase modulated signal
from the baseband separator., The
subcarrier may be modulated either
by PCM or PAM/FM. For PCM,
the unit provides coherent signal
demodulation and a PCM data-
stream output. For PAM/FM, the
10-MHz signal is throughput without

142 -8aw

demodulation. Figure 5—27 1.7-MHz Demodulator
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5.1.4 Digital Ranging Fquipment (DRE)

The DRE (Figures 5-28 and 5-29) comprises the acquisition
assembly, receiver and transmitter coders, range tally unit,
readout register/buffer, and internal simulator. This equip-
ment, in conjunction with the range receiver in the GRARE,
initially determines and continuously updates the range of

the space vehicle from the station. Inputs to the DRE are
timing, clock, and correlation voltages from the GRARE;
data outputs to the RTS are space vehicle range (in the form
of a 30-bit binary word) and status information.

| GRARE
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i AER |
. ]
l — 2 e h— . e
’— Rgnge Receiver —] l
I ! , A suaw
Range Cloek Code Clock l . Iy . .
! } Receiver Loop | [7] Tramfer Loop '—- I Figure 5-28  Digital Ranging Equipment
‘_ —_ -+ }-. [— —J l
| IS S -t PR |
) — — g Jh:g‘-lp—p--—-—-—h———————_——-——
- N N 1
8ls MR MEEH
I EES ol s -
o lg‘ i e § [1H -; 2 2 Oscilloscope ‘P:onv;ol |
E|o i KR § 5 ane
I3 33 -l ~F] 8 S
Dnppler § «
> Frequency — l 5 Tronsmitter
Converter ] & Receiver Program Simulator Power
| 5 Code State Panel Manitor I
|U Generators Control " Panel I
»
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“w . Code
.‘_; Composite \ l } } }
Signal !
* i ' Code Counter-Timer I
Transmitter I Acquisition Range Number :owe".
Exciter & Unit Display uppiies '
Dri
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— . —— — —— —— i —— ——— —— o—— — —
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Reference Frequency Range Rate Range Rate Trc:r?:ferasihch ?E’E‘LE—”—J
From 1 PPS 57 Extractor (P O Rat ange Rate
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Figure 5—29 Digital Ranging Equipment Block Diagram
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3.1.5 Range-Rate Equipment

The range-rate equipment accepts output signals from the receiving equipment and
reference signals from the transmitting equipment and provides an analog or doppler
frequency output, This equipment comprises the doppler frequency converter and
the range-rate extractor.

Doppler Frequency Converter

The doppler frequency converter (Figure 5-30) compares the frequency of the re-
ceived carrier with that of the transmitted carrier to produce an output signal that
corresponds with the spacecraft range rate. Three input signals are supplied to the
converter: (1) the transmitter signal frequency, which is 1/32 of the uplink fre-
quency; (2) the receiver reference oscillator frequency of 10 MHz; and (3) the
receiver voltage-controlled oscillator (VCO) frequency, which is 1/32 of the first
10 frequency minhs 5.625 MHz, After
comparing these signals, the doppler
frequency converter produces an output
. _ R signal (2,20 MHz plus or minus the

| “ | two-way doppler shift) which is routed

to the range-rate extractor,
Figure 5~30 Doppler Frequency Converter

Range-Rate Extractor

The range-rate extractor (Figure 5-31)
accepts the doppler output of the dop-
pler frequency converter and, after
comparing it with a transmitter refer-
ence signal, produces an output (a

24 -bit binary word) that corresponds
with the doppler shift.

Figure 5-31 Range Rate Extractor
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Figure 5-~32 Telemetry Equipment Block Diagram

5.1.6 Telemetry Equipment

The telemetry equipment (Figure 5-32), also called the "PCM Ground Station, "
converts the PCM bit streams from the receiver demodulators into telemetry data
words for computer use. The equipment comprises two PCM decommutators and
a PCM simulator that is used in test and checkout of the subsystem.

Setup gnd configuration of the FCM equipment may be accomplished by one of the
b following means:

e Computer input from the RTS computer

e Punched paper tape via the tape reader provided as part of the
PCM equipment

e Manual manipulation of the front panel controls
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PCM Decommutators

Since the two PCM decommutators

are identical, only one is described
here. This unit is a stored program
device whose control logic and circuit-
ry is designed to extract the data from
the incoming bit stream, reconstruct
this data into parallel binary words, and
transfer them to the RTS computer. In
addition, this device converts selected
words (analog functions) from digital to
analog, and makes them available for

display or recording by up to 20 analog

devices (meters, chart recorders, etc.). -
The PCM decommutator can also con- ‘ ¥
vert up to 24 discrete data bits and
make them available for driving a
status display.

The decommutators are arranged for
either single or independent simult-
aneous operation. When both units ar

used simultaneously, two PCM bit el el

Figure 6~33 PCM Decommutator Fi 5-34 PCM Simulator
streams may be processed at one time, ° gure ulato

PCM Simulator

The PCM simulator is a stored program device that can generate either a serial
PCM signal with clock or a parallel data word. The serial output signal may include,
if desired, noise, rate, jitter, and blanking. The stored program determines the
simulator's processing format. The simulator provides outputs to the test trans-
ponder (via the PCM COMSEC equipment) for loop test and to the PCM decommuta-

tors for maintenance.
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9 5.1.7 Control and Display Equipment

The control and display equipment (Figure 5-35) enables the operator to control and
monitor certain SGLS equipment from remote positions. The control and display
equipment comprises the SGLS SOC panel, SGLS antenna panel, loop test panel,
TSRE amplifier select panel, and the RDT status interface unit.

SGLS SOC Panel

The SGLS SOC panel is located in the SOC console. The controls and displays on
this panel enable the operator to activate the radiation warning system and control
radiation from the 10-kW S-band transmitter.

SGLS Antenna Panel

This panel is located in the antenna control console and contains a reference-
receiver AGC meter, a signal-present indicator, and a Carrier 1 phase-lock
indicator. For subsystems interfaced with the low-gain Prelort antenna, a conical-
scan AGC meter is also provided.

Loop Test Panel

The loop test panel is located in the uplink equipment rack. This panel contains
controls for starting and stopping the loop-test function, and a split-legend control
for selecting the ATU-A output for downlink loop testing.

TSRE Amplifier Select Panel

This panel is located in the data terminal A rack and contains controls for selecting
the proper transmitter and receiver combination in data terminals A and B.

RDT Status Interface Unit

This unit accepts status indications from the various SGLS equipment items in the
RF equipment area and provides these indications to the RDT.
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FIGURE 5-35 CONTROL & DISPLAY EQUIPMENT (SGLS)
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5.1.8 Data Terminal Equipment

This equipment provides a data link between the RF and data equipment areas,
One terminal is located in each area and is equipped with data transceivers for
transmitting to and receiving from the other terminal, One of two configurations
is used, depending upon the distance between the RF and data equipment areas,
Where the distance between the RF and data equipment areas is greater than

500 feet, type 1 terminal is used, and where the distance is less than 500 feet,
type 2 terminal is used,

The data terminal equipment (Figures 5-36 and 5-37) consists of two data trans-
ceiver terminals (labeled A and B) located in the RF equipment area and the data
equipment area, respectively. The terminals are connected by shielded twisted

pair cable. Collectively, this equipment provides three telemetry channels and

eight command data channels between the two locations,

Data Terminal A

Type 1 data terminal A comprises a command data transceivex: that contains one
transmitter and two receivers for handling ternary digital data, as well as two
wideband video transmitters and one widebhand video receiver for handling
telemetry data. Type 2 data terminal A contains only the command data trans-

ceiver,

Data Terminal B

Type 1 data terminal B comprises a command data tranceiver that contains
two transmitters and one receiver for handling ternary digital duta, as well as

one wideband video transmitter and two wideband video receivers for handling
telemetry data. Type 2 data terminal B contains only the command transceiver,
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5.1,9 Signal Switching Equipment

This equipment (Figures 5~38 and 5-39), also
called the signal switching facility (SSF), deter-

mines the routing of signals (for recording and/

or playback) in the data equipment area. The
SSF comprises a switch matrix and display; an

SSF test unit, recorder fault detector display,
sequential control, and card reader; and a

signal conditioning unit, The SSF capability
includes the:

),—\w—‘.-m‘_.—m R mTzl

.

e Performing of signal line switching : E] s f¢
and interface matching for SGLS -

AT e L A A A T Ty

equipment,

e Routing data to external interfacing
equipment or to the recording equip~

ment,

o Directing of playback signals from
recorders to other external equip~
ment,

61 6OW

Figure 5-38 Signal Switching Facility
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Figure 5-39 Signal Switching Facility Biock Diagram
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5.1,10 Recording/Playback Equipment

This equipment (Figures 5-40 and 5-41) com-
prises two AMPEX FR-1600 magnetic tape
recorders (together with their associated
record and playback amplifiers, equalizers,
and automatic sequential controller) that

provide the facilities for recording and play- RS
back of selected data received from the space ¢/s|ev]ule iifi“ :
vehicle, Each recorder can record/playback At Lj{jui il

on seven tracks. They are interconnected

with other equipment items via the signal

switching facility.

£
7 Channels (Record) ;R-]b(?o s
Signal - ST e e S - ecorder
¥ Switching ) Reproducer
Focility  leg..... ... Chonnels (Playback) =~~~
&
— - -]
e————- Control /Status J-
| Sequential -: [ T T
1]
: 6:?'"0' Control /Status
oo J p - - e e ——-——l
B
7 Channels (Record)
Lo mnannets e .
¢ FR-1600
" . 7 Channels Playbock) b pcorder.
Reproducer
|‘|3°~!l
fFigure 5—-40 Recording/Playback Block Diagram Figure 5—41 Ampex FR1800 Magnetic Tape Recorder
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5.1.11 COMSEC Equiprnent e

This equipment, comprising the command
COMSEC equipment and the PCM COMSEC
equipment (Figures 5-42 and 6-43), provides
the facility for encrypting command data priof
N to transinission and decrypting secure telem- ,
etry data received from the space vehicle, R ,
Since the equipment is classified, it is pic- _m_,i S @_‘
tured in the closed door condition.

Command COMSEC Equipment

This equipment accepts as inputs plain com-
mand data, encrypted echo check data, and
timing, The outputs consist of encrypted com-
mand data, decrypted echo check data, and
various status and alarm signals, Upon re-

g . - R N
Vi31-saw Laeew

quest from the PCM equipment, the command o
COMSEC equipment provides command authen- Figure 5-42  COMSEC Equipment

tication signals,

nger»gg(ND PCM COMSEC

Control & Dat
nre. ato

R-7 |_{Commond - ™ i
Authentication
PCM :!mu|g'ld
. Simulator | PEM
KG-40 Echo Chech T-7 To SSF

F— ) & Stotus ,
imylgted I

}
g.i ( PCM/Nolse
El Alarm
=
L]
3 I I N —
5 ‘ R-24 Plain PCM PCM Decomm
2 KGT-29 3 Encrypted PCM 1
5|
13 |
5 5 2 K R-28 )—~P—°-|-" FoM PCM Decomm
,g( ¢ 'E 2 Encrypted PCM 2
B
Lo
Digital Cammand Digital
C o

Buffer Swirching
Unit Buffer T

Figure 5—43 COMSEC Equipment Block Diagram
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PCM COMSEC Equipment

This equipment accepts as inputs encrypted PCM data and plain simulated PCM
data, The outputs consist of decrypted PCM data and encrypted simulated PCM

data,

5.1,12 Integration and Checkout Equipment

This equipment constitutes the system test equipment necessary for performing
loop tests, performance tests and subsystem monitoring during operational

missions,

It comprises the receiver test unit (RTU), analog test unit A, analog test unit B,
and a set of commercial test equipment,

Receiver Test Unit

Ml

Tor those subsystems interfaced with the high~gain (TT&C) antenna, ‘the RTU com=" " ..
prises an AIL 355W Noise Figure Test Set, a 2-GHz noise source (Figure 5-6),
and the echo check and receiver test control unit (Figure 5-9) previously described

- in Paragraph 5.1.1,

For subsystems interfaced with the low-gain (Prelort) antenna, the receiver test
- unit comprises a 2-GHz noise source and a patch panel for routing the output of
- this device (also described in Section 5.1, 1),

Analog Test Unit A

Analog test unit A (Figure 5-44) provides
simulated voice and analog test signals to the
baseband assembly unit and simulated PAM/FM
and voice or analog signals to the test trans-
ponder transmitter during loop tests, It also
monitors the outputs of the uplink monitor,

181280

Figure 5—44 Analog Test Unit A
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Figure 5—45 Analog Test Unit B

Analog Test Unit B

of signals present,
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WDL-TR3227-1
Volume I, Part 1

Analog test unit B (Figure 5-45) provides
on-line monitoring of downlink analog
test signals, The unit monitors outputs
from the baseband separation unit and
provides status indications of the types

Encrypted/Ploin
Simulated PCM

Low=Level High=Level
2-GHz 2-GH.
Test Signal Test Signal
TEST TRANSPONDER
Range Code
Carrier | VC 1.7 MHz
Echo Chack Test Transponder L Tast Transponder] . Biphate
(from Transmitrer) Receiver Corrier 2 VCO | Transmitter Medulator

Composite Batebond

PHILCO | A

PHILCO - FORD CORPORATION

Loop Test

Simulated VoiceAnalog

Simulated PAM /FM

Control

(High/Low Rate)

Voice Subcarrier & Signal Levels|  ‘Analog

Uplink

Test Unit
JAnalog Subcarrier & Signal Levels A“ Un

Monitor

Encrypted/Plain Echo Check

To Digital Command

Figure 546 Test Transponder & Uplink Monitor
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5. 1,13 Teat Transponder and Uplink Monitor

The test transponder and uplink monitor (Figure 5-46) are units arranged to monitor
uplink command transmission during actual operation, and to simulate space vehicle
equipment during loop tests.

Test Transponder

This equipment (Figure 5-47) com-
prises a receiver, transmitter, and a
biphase modulator.

The test transponder receiver is a dual-
conversion superheterodyne receiver,
A phase-locked tracking loop acquires
the uplink carrier argc! provides for
synchronous demodulation of the uplink
frequency-multiplexed baseband signal.
This unit also supplies a coherent RF Figure 547  Tost Transponder

drive signal, a noncoherent RF drive signal, and the recovered multiplexed baseband
to the test transponder transmitter for loop-test purposes,

1428 1w

The test transponder transmitter
(Figure 5-48) is used with the test
transponder receiver to simulate

"

vehicle transponders in the Space
Ground Link Subsystem (SGLS); it
can also be used independently as

a specialized signal generator. It
accepts simulated voice, analog,
PCM, PRN ranging signals and pro-
vides an output both a high- and low-
level simulated downlink test signal
in the 2. 2-to 2, 3-GHz frequency
band. The high-level output is

14298 7w

Figure 5-48 Test Transponder Transmitter

routed to the boresight horn,
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For subsystems interfaced with the high-gain (TT&C) antenna, the low-level
output 18 routed to the vertex horn via the echo check/receiver test central
unit, and for subsystems interfaced with the low-gain (Prelort) antenna, the
low=level signal is inserted into the parametric amplifier via the receiver

test unit,

The biphase modulator (Figure 5-49)

receives the simulated PCM signal '
from data terminal A and provides a . -
biphase modulated 1.7-MHz output to A""'"\.N% %

LN

the test transmitter.

180 -saw

Figure 5-49 1.7-MGHz Biphase Madulator

Uplink Monitor

This equipment (Figure 5-50) separates
and demodulates the composite uplink
baseband signals recovered by the test
transponder and routes them to analog

test wnit A for monitoring. It also re-
covers commands from the uplink base-
band and routes them to the data equipment
area for command echo check,

1418870

Figure 5-50 Uplink Monitor
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5.2 EQUIPMENT ARRANGEMENT

The following paragraphs in this section describe the physical configuration of the
SGLS equipment and illustrate the equipment arrangement at the remote tracking
stations (RTS). Pointed out is the high degree of commonality among the 10
installations as well as the inevitable differences caused by variations in existing
station geography and the differing requirements for the low-gain (Prelort) and
high-gain (TT&C) installations.

Figure 5-51 is a conceptual view of a dual RTS, showing the general relationship
of the two SGLS ground stations to the existing RTS and the range of distances
separating them.

To minimize installation, training, operation and maintenance, and documentation
requirements, the SGLS installations at the 10 RTS's were designed as nearly car-
bon copies from the standpoint of rack makeup and room arrangment of the SGLS
equipment, Certain multiple standards of rack makeup and equipment arrangement
are created by requirements peculiar to the high-gain TT&C antenna (as against
those of the low-gain Prelort antenna) and by requirements peculiar to a compact
site where all equipment is necessarily close together (as opposed to a scattered
site where the antenna may be located miles from the data processing area). The
results of these multiple standards are illustrated and described in the following

paragraphs.

A typical low-gain (Prelort) SGLS installation consists of 22 racks of equipment,
odd-size units for the transmitter, and equipment items that install in other equip~
ment or on the walls and ceilings of buildings. A typical high-gain (TT&C) SGLS
installation is similar, with certain items installed on the antenna instead of in
racks. The sequence of the racks is the same at all sites as one proceeds from

one end of a row of SGLS racks to the other.

5.2,1 Equipment in the RF Area

SGLS equipment in the RF area at stations equipped with the Prelort antenna is
typically arranged as shown in the floor plan (Figure 5-52) where the SGLS equip-
ment (shaded) is shown with other RTS equipment.
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Positions of wall-mounted and ceiling-mounted items, plus the heat exchanger
outside the building, are indicated along with racks and consoles. The SGLS
antenna panel shown in the Prelort console has been exaggerated to identify it as
SGLS.

The following photographs illustrate these equipment items and show the palletizing
that was employed to simplify installation in the field.

Low-power equipment racks are illustrated in Figures 5-53 and 5-54, and the high-
power transmitter equipment is shown in Figure 5-55.

The spectral filter for the transmitter mounts atop the transmitter RF unit (Figure
5-55) and the diplexer is ceiling mounted. Both are shown in Figure 5-56. The
RDT status interface unit and the radiation warning control equipment are wall
mounted (Figure 5-57).

The four control and display panels are illustrated in Figure 5-58. The SOC panel
installs in the data processing area and the other three panels install in the RF
equipment area,

5.2.2 Equipment in the Data Processing Area

The equipment in the data processing area is the same type for either a high-gain
(TT&C) or a low-gain (Prelort) installation. A typical floor plan, showing the
SGLS eqﬁipment' (shaded) with other RTS equipment, is given in Figure 56-59. Note
that a second set of SGLS equipment (not shaded) is included in the floor plan as it
might be arranged at a dual station.

The PCM equipment, the only five-rack pallet in SGLS, is shown in Figure 5-60 in
an open-door condition; the switching and recording racks are shown in Figure 5-61.

The data terminal and downlink racks are illustrated in Figure 5-62,

Since the COMSEC equipment items are classified, they are illustrated in their
normal closed-door condition in Figure 5-63.
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10-kW WIDEBAND GROUND TRANSMITTER ' I’l?.ll ‘
e [Installed in antenna area | | .

¢ Dimensions are shown beneath respective figures

MOTOR GENERATOR CONTROL
{32 inches wide, 17 inches deep, 64 inches hi Y

HIGH VOLTAGE POWER SUPPLY RF UNIT

(64 inches wide, 36 inches deep, 86 inches high) (84 inches wide, 36 inches deep, 86 inches high) (64 inches wide

FIGURE 5-55
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ENERATOR CONTROL
17 inches deep, 64 inches high)

MOTOR GENERATOR
(43 inches wide, 77 inches deep, 37 inches high)

.
ssencsnes "N

v o t1132°0001}

HEAT EXCHANGER

BEAM CONTROL UNIT
hes high) (64 inches wide, 36 inches deep, 86 inches high) (69 inches wide, 114 inches deep, 77 inches high)

FIGURE 5-55
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5.2,3 Equipment Peculiar to the High-Gain (TT&C) Installation

The equipment arrangement for a high-gain (TT&C) installation is largely the same
as for the low-gain (Prelort) illustrated in Paragraph 5.2, 1. All equipment in the
data processing area is the same for both configurations. The floor plan for the
RF equipment area is also the same except that there is no preamplifier rack
(Figure 5-52) in a high-gain installation, The 2-GHz parametric amplifier and the
GRARE RF front end (down-converter) from the preamp rack are mounted on the
antenna to minimize S-band cable runs. These items are shown in Figure 5-64
along with the selective filter (which replaces the diplexer used in the low-gain
configuration), the 2-GHz vertex horn, and the 2-GHz noise source.

The test transponder rack (Figure 5-65) also differs from that for the low-gain
configuration (Figure 5-53): the parametric amplifier control panel is omitted and

a different set of noise-figure test equipment substituted, The parametric amp:ifier
control panel (Figure 5-65) is mounted in an existing non-SGLS rack at the station.

The high-gain (TT&C) peculiar transmitting filter shown in Figure 5-66 (with wave-
guide) replaces the spectral filter used with the low-gain (Prelort) configuration,

This filter also mounts on top of the 10-kW transmitter RF unit (Figure 5-55).

5.2,4 Data Terminal Types 1 and 2

Data terminal type 1 (Figures 5-36 and 5-54) is used at sites where the antenna
area is more than 500 ft from the data processing area. At the more compact
sites, where some data can be transmitted directly by cable line without amplifica-
tion, data terminal type 2 i8 used. These racks are the same as type 1 racks,
except that the three wideband video units are omitted from the upper part of the
rack, and are replaced with blank panels.

5.2.5 Other Equipraent

SGLS equipment not included in the foregoing illustrations includes RF attenuators,
a 2-GHz boresight horn, a low-pressure regulator for maintaining air pressure in
the waveguide, and installation material, such as waveguides and cables.
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5.8 TEST CAPABILITY

Included in the SGLS ground system are test equipment items required for con-
figuration, operation, and monitoring of the system, In addition to system tests,
the test equipment can be used for preventive and nonscheduled maintenance,

The SGLS test equipment items are as follows:

RF Sweep Generator

Spectrum Analyzer

Test Transponder Receiver

Test Transponder Transmitter

RF Power Meter

Receiver Noise Power Test Set (High-Gain Only)
Analog Test Unit A

Uplink Monitor

Lcop Test Panel

Oscilloscope

Universal Counter-Timer

PCM Simulator

Echo Check/Receiver Test Control Unit (High-Gain Only)
Anaiog Test Unit B

Receiver Test Unit (Low-Gain Only)

Noise Generator

COMSEC Loop Check Equipment

5.3.1 System Checkout

SGLS ground station checkout is performed with self-contained test equipment that
_ is used for any system configuration.

A complete loop test configuration is used to verify system performance character-
istics and station readiness. Typical low-gain and high-gain SGLS ground systems
and associated RTS equipment items are shown in Figures 5-67 and 5-68, respec-
tively, The primary difference between the two configurations is the method used
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in developing error signals for antenna positioning for either a conical-scan or
monopulse antenna system, The SGLS system loop test described herein is refer-
enced to figures showing the high-gain system but also applies to the SGLS system
using the low-gain antenna.

System loop tests are accomplished with the test transponder and analog test units.
The test transponder comprises a receiver and transmitter designed to simulate
the vehicle receiver, transmitter, and baseband assembly unit. The test trans-
ponder receives uplink transmission on the operational channel, extracts the range
code, adds simulated PCM signals, and coherently sendis a test signal to the ground
station at the operational frequency. The downlink test signal contains the range
code, the simulated PCM signal, and test tones simulating the voice and analog
telemetry channels. The test tones are processed by the ground station (in the
same manner as spacecraft signals are) to provide data readouts to determine
station readiness. The test transponder also has provisions for power adjustments

to simulate marginal link conditions.

In the high-gain configuration, the simulated downlink signals can be transmitted
from the boresight tower or the vertex horn. In the low-gain configuration, test
signals may be transmitted from the boresight tower or injected into the parametric
amplifier or down-converter from the receiver test unit.

In addition to providing test tones for all the services, analog test units A and B
evaluate the received test signals.

In the test loop configuration, the tracking, uplink, and downlink functions of the
SGLS ground station can be verified. Details of the testing of the specific functions
in the loop test configuration are given in the fcllowing paragraphs.

Tracking. Testing of the tracking and ranging functions is accomplished with the

test transponder transmitter signal radiated from the boresight tower, as shown in
Figure 5-69. In the coherent mode of operation, an attenuated sample cf the uplink
cérrier from the transmitter power amplifier is fed into the test transponder receiver.
The test transponder receiver locks onto the uplink carrier and produces a coherent
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VCO output that is applied as a coherent drive to the Carrier 1 modulator multiplier
in the test transponder transmitter. In addition to the coherent mode of operation,
a front panel control on the test transponder permits manual frequency adjustment

of the carrier.

During system test, the tracking loop test provides a method for verifying combined
antenna and SGLS receiver tracking capability for acquisition and autotracking., Test
transponder power output adjustment is provided for use in measuring system iracking
thresholds,

Ranging loop operation is also verified with the same test configuration as that used
for tracking test. The PRN range code signal from the digital ranging equipment is
fed through the baseband assembly unit to modulate the uplink carrier. Proper
operation is verified by a stable display of the site-peculiar octal range readout.

Range rate data is obtained from the range/range rate loop signal by the range rate
extractor and proper operation verified by stable (zero) range rate display.

Uplink, Uplink test instrumentation provides for verification of the SGLS uplink
during system closed loop test. The test configuration and instrumentation is shown
in Figure 5-70. The spectrum analyzer displays the uplink spectrum for verification
of frequency, modulation indices, and presence of baseband.

System closed loop testing of the SGLS uplink is accomplished with the test transponder
receiver, analog test unit A, and uplink monitor,

Test Transponder Receiver, In the uplink loop test, the test transponder receiver,
acting as the monitor receiver, demodulatesthe RF carrier and furnishes the input

to the uplink monitor,

Uplink Monitor. The uplink monitor separates and demodulates the recovered com-
posite baseband from the test transponder receiver. The baseband signal consists

of a maximum of three subcarriers and a PRN ranging code. The posaible sub- o
carriers are: three FSK command subcarriers, a 30-kHz subcarrier frequency- . ;

modulated by voice, and a 1.25-MHz subcarrier modulated by analog information.
5-64
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The uplink monitor accepts the baseband signal from the test transponder, demul-
tiplexes the baseband, and demodulates the command, voice, and analog data.
Output signals representing the command "1", 0", and "S" bits, along with the
sync signal, are sent via the command data transceivers to the RTS command

subsystem for verification. Output signals proprotional to the analog signal level,
= the analog subcarrier level, the voice signal level, and the voice subcarrier level
e are sent to analog test unit A for monitoring,

Analog Test Unit A. Analog test unit A accepts signals that represent the demodu-~
lated uplink voice and analog test signals (and their respective subcarriers) from

the uplink monitor, and provides GO/NO GO information to the status indicators on
the ATU, The unit also provides simulated voice (1 kHz) and analog (10 kHz) signals
to the baseband assembly unit for uplink test.

= 23

= Downlink, The downlink test equipment provides for verification of the SGLS ground
o= system performance in a closed loop configuration, The system test configuration
ER—- ‘ is shown in Figure 5-71. SGLS ground station test equipment used in the downlink

system loop test includes the test transponder, analog test units A and B, and PCM

simulator,

) Test Transponder Transmitter. Two RF excitation driver signals and four modula-
' tion signals are applied to the test ransponder transmitter. The RF drive signals

- are obtained from the two channel-selected voltage-controlled crystal oscillators
e in the test iransponder receiver., One output from the oscillators is applied to

e Carrier 1 in the transmitter and the other, which is 56 MHz lower, is applied to the
- Carrier 2 channel. The four modulating signals are a 1-kHz or 10-kHz simulated

voice/analog signal, a 75-kHz simulated PAM/FM signal, a PRN ranging code, and
either low-bit-rate or high-bit-rate PCM data. The voice/analog and PAM/FM
signals originate in the analog test unit A, The PRN ranging code is contained in
the recovered uplink baseband output signal from the test transponder receiver.

The simulated PCM signal is obtained from the PCM simulator and is fed either to

EEN
T

e

o the Carrier 1 channel of the test transponder transmitter or to the Carrier 2 channel,
depending on which carrier channel is programmed for test. In the Carrier 1

- channel, the simulated PAM/FM, simulated analog, PRN ranging code, and simulated
P 5-69/5-70
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PCM data are frequency-division multiplexed into a composite baseband signal that
phase modulates the Carrier 1 channel RF signal. Carrier 2 simulated PCM data
directly biphase modulates the Carrier 2 channel RF signal.

. PCM Simulator. The PCM simulator generates digital signals from data programmed
/ : into the self-contained memory for use in testing data processing equipment, One of
seven PCM codes (NRZ-L, NRZ-M, NRZ-S, RZ, Bi¢-L, Bi¢-M, and Bi9-S) may be
selected from the PCM simulator. Bit rates may be progrmnmed at a rate from 7,8
B Hz to 1,024 MHz,

The PCM simulator also includes circuitry for serial and parallel comparison of the
PCM data generated by the PCM simulator and the data returned from the decommu-~
fator. The comparator can be programmed for serial or parallel loop test. A bit/
word counter functions (counting each bit or word compared by the serial or parallel
comparator circuits) during the loop test, generates a stop signal to the simulator
processor when a preset number of comparisons have been made, and displays the
number of errors detected. |

Analog Test Unit B, Analog test unit B provides a means of (1) on-line monitoring

of the analog test signals, and (2) handling of control and status signals. The unit
provides GO/NO GO status of the demodulated telemetry and voice/analog test signals
from the baseband separation unit.

5.3.2 System Configuration Checkout

System configuration checkout verifies the system operation after the operating
parameters have been reconfigured to suit a given mission profile. The checkout
is normally performed in conjunction with the turnaround test mode of operation,
The test is performed by simultaneously initiating the loop tests and monitoring the
GO/NO GO indicators and test equipment monitor points, Each command or tele-
metry test may be performed in either the secure or clear modes of operation.

The following services and performance are verified during the configuration check-

out:
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Uplink Voice/Analog Loop, This loop verifies the proper operation of the voice and
analog subcarriers'(S/C's) modulation indices aund signal levels, and is accomplished
by application of test modulation signals to the uplink carriers. Proper operation

is indicated by the following indicators on analog test unit A:

UP VOICE GO

UP VOICE 8/C GO
UP ANALOG GO

UP ANALOG S/C GO

Command Loop. In the loop test, the uplink monitor separates and demodulates the
command subcarrier's portion of the recovered composite baseband from the test
transponder receiver. Output signals that represent the command 1", "0", and
"S" bits, along with the sync signal, are sent via the command data transceivers

to the RTS data handling equipment for comparison with the generated command
signals to verify proper uplink command transmission.

Range-Rate Loop. The verification of proper two-way coherent operation and proper
extraction of range data is indicated by stable (zero) readout of range-rate data dur-

ing the system loop test,

Ranging Locp. Proper configuration and operation of the ranging system are verified
during the system loop test. Verification and calibration are readily indicated by a

site-peculiar octal data readout.

* ' Downlink Voice and Analog Telemetry. Operation of the voice/analog and

analog telemetry demodulators is verified by appropriate modulation of the down-
link carrier, Proper operation is indicated by detecting the output signals from the
baseband separation unit and activating the following indicators on analog test unit B:

¢ DOWN ANALOG GO
ANALOG TLM GO
e BASEBAND SEPARATOR READY

5-74
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Additional verifiocation of downlink equipment readiness is made by measuring the
system noise figure. The noise source located in the receiver test unit inserts a
known amount of noise into the parametric amplifier. The increase in receiver
nolse output as observed with the RF power meter or noise figure meter provides
an indication of the overall system performance.

PCM Bit Comparison, Proper operation of each downlink PCM channel is verified
by means of a bit-by-bit comparison of the PCM input data with demodulated data,

Indication of proper operation is given on ithe PCM equipment front panel.,

Antenna Tracking Tests. Proper operation of the antenna tracking system in the
SGLS ground system configuration is verified in the boresight loop test. Functions
verified during antenna tracking tests are as follows:

Acquisition
Dynamie range
Autotrack
Error gradients

It should be noted that all command and telemetry tests can be performed in either
the secure or clear modes of operation.

priLco [ WDL Division

PHILCO -FORD CORPORATION




WDL~TR3227-1
Volume I, Part 1

SECTION 6
RELIABILITY AND MAINTAINABILITY

Early analyses (Reference 1) of mean-time-between failure (MTBF) and mean=~
time-to-repair (MTTR) indicated an estimated system point avallability of 0. 995929
based on a functional MTBF of 117, 3 hours and a functional MTTR of 28.8 minutes.
The MTBF estimates were at variance with the initial system requirement
(Reference 2), which specified an overall point availahility of not less than 9. 9980
(the MTTR of 28.8 minutes was within the specified 30 minutes).

These early predictions were, however, based on preliminary data and were up-
dated in subsequent publications (References 3, 4, and 5) as more accurate data
became available. The following analysis utilizes final MTBF and MTTR data

obtained from cognizant government agencies and equipment contractors (Refer-

ence 6),
6.1 RELIABILITY ANALYSIS

The SGLS equipment items and their associated MTBF's are listed in Table 6-1.
Low-gain and high-gain MTBF data are shown for two cases:

e Case 1 (Functional Equipment Prediction) includes only SGLS equip~
ment that is required for operations (excluding checkout and similar

equipment items not essential for pass support).

e Case 2 (Total Equipment Prediction) includes all SGLS equipment
regardleas of function or usage.

Differences indicated between the low-gain and high~gain configurations are
negligible.
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SGLS EQUIPMENT MEAN-TIME~BETWEEN=-FAILURES (MTBF)

PHILECO - FORD CORFDORATION

MTBF

Low-Gain Configuration High-Gain Configuration

Case 1 Case 2 Case 1 Case 2

~ Functional Total Functional Total
Equipment Deciotion | bradiotion | Prediotion | Dradiotion
(Hours) (Hours) ([lours) (Hours)
Signal Switching Facility 6,033 1,591 6,033 1,591
Doppler Frequency Converter 74,996 74,996 74,996 74,996
Carrier 2 Demodulator 23,186 21,724 23,186 21,724

Diplexer 200, 000 200,000 N/A N/A
Terminal Sending and Receiving 1,726 1,726 1,726 1,726
Integration and Checkout 2,052 712 2,062 712
Baseband Separation Unit 9,179 9,179 9,179 9,179
Baseband Assembly Unit 4,878 4,827 4,878 4,827
Transmitter Exciter 3,748 3,474 3,748 3,474
Digital Ranging Equipment 2,783 1,257 2,783 " 1,257
Test Transponder 5,059 5,059 5,059 5,059
Parametric Preamplifier (Klystron) 11,535 9,315 11,315 9,315
Receiver (GRARE) 4,276 2,908 4,276 2,908
Selective Filter N/A N/A 500, 000 500, 000
Range Rate Extractor 6,454 6,099 6,454 6,099
Wideband Transmitter 4,398 2,194 4,398 2,194
. Uplink Monitor 8,493 8,237 8,493 8,237
PCM Ground Station ( 2 each) 310 218 310 218
PCM Simulator 1,315 780 1,315 780
Tape Recorder ( 2 each ) 638 403 638 403
Radiation Alarm System 16,180 16,180 18,180 16,180

CCN's and ECP's (Installed
Modifications) 9,709 9,709 10,144 10,144
Total MTBF (Hours) 112 72 113 72
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The functional equipment prediotion (Case 1) is of primary concern, however,

By taking the MTBF for the low~-gain configuration as worst-case (i.e., 112 hours
versus 113 hours for the high~gain configuration) and allowing a 5% margin for
near-term subsequent equipment modifications, a figure of 1056 hours is obtainasd
ag the functional SGLS MTBF. '

The analysis of SGLS reliability also considered the subsets of equipment
required to perform each of the primary operational functions listed helow:

e Tracking Support: includes signal acquisition, range and range-
rate measurement, and automatic angle tracking

¢ Uplink Support: includes transmission of commands, voice, and
range data to the vehicle

e Downlink Support: inclhdes vehicle-to-ground PCM telemetry

and analog services

Except for the antenna subsystems and certain communication equipment, RTS
equipment items that interface with SGLS (e.g., timing, data handling, etc.) are
excluded. The matrix for the high-gain configuration (Table 6-2) and the matrix
for the low-gain configuration (Table 6-3) show the equipment items required
for each function, associated failure rates, and predicted MTTR. Failure rates
(1) are the number of failures in 10° hours.

Non-SGLS equipment items are indicated by an asterisk. MTTR's are in
minutes. Paragraph 6.2 discusses the MTTR's in greater detail.

The resulting MTTR's for each function are summarized in Tables 6-4 and 6-5 for
the two antenna configurations. Two values of MTBF are given. Values under
"Functional Equipment Total' include the contribution of the antenna subsystems
and the communication equipment; values under ""Functional Equipment SG1S
Only" do not. As before, only equipment essential to the indicated operational
functions is considered. All equipment items are considered in series such that
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TARBLE 6=2

MATRIX OF EQUIPMUENT REQUIRED FOR OPERATIONAL FUNCTIONS
(MGH-GAIN CONFIGURATION)

Function Fatlure Predioted
s 4 Rate (A) MTTR
< C | Por In
Equipment £ fg :§ 10% Hours Minutes
[aa] i)
Reflector and Pedestal® [ ] ® ® 44,34 90
Servos* [ [ ] L 1455, 00 a0
Setective Filter [ ® [ ] 2,00 90
Pnrametric Preamplifier (Klystron) [ ] ] RE, 69 60
Reference Receiver (GRARE) [ ] [ ] 118,51 13
Receiver Tost Unit [ [ ] 100,47 22
Boresight Antennut [ [ 25, 00 60
Widehand Transmitter [ J ® [ ] 227,16 37
Transmitter Exeiter-Driver [ ] [ ] [ 287,85 25
Radiation Warning System [ 9 [ ] 24,82 45
Baschand Assembly Unit [ ) [} 207.17 22
Dl‘ultul Ranging Equipment ' e [ ] [ ] 359, 26 23
RDT Transfer Switeh* [ ® ® 24,07 60
Doppler Frequency Converter [ ] 13.33 20
‘ Range Rate Extractor ) 163, 96 Y
Frequency Synthesizer [ J [ ] 98, B4 30
Carricer 2 Demodulator [ J 43,13 22
Terminal Sending and Recedving [ ] [ ) 432,02 15
Signal Switching Facility [ ] [ 165,26 28
Basebund Separation Unit L 74,58 36
1.7-MHz PCM Demodulator [ 34.38 57
Tape Recorders 1 and 2 (Record Mode) [ [ ] 1567.39 30
PCM Ground Station (2 each) ® 3221.3R8 30
Test Transponder [ ] ® 185,23 25
Analog Test Unit "A" [ ] [ ] 46,33 34
- Uplink Monitor [ ) 117.74 28
* Communications Networks* °® ) ® 182.80 30
dc Power Supplies [ ] [ ] [ ] 214.94 24
de Power Supplies [ ] 156,16 24
ac Power Panels ® [ ] [ ] 49, 4 24
! Blowers o (o | ¢ 44.32 24
Connector Panels [ ] [ J [ ] 33.35 22
Interim Control and Display ® [ ] ® 38,54 60
CCN's and ECP's (Installed Modifications) ® ® ® 38,93 45

*Non-8G1.8 FEquipment
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. TABLE -3

S MATRIX OF FQUIPMENT REQUIRED FOR OPERATIONAL FUNCTIONS
: (LOW-GAIN CONFIGURATION)

Function
: ” - Failure Predicted
8 s Rate {A) MTTR
: i - -,_g_ ] Per In
] .. Lquipment g = é 10% Hours Minutes
b -

i t Drelort Refloctor ® ® [ )

+ Nutating Sctinner* ] ® o 140, 87 00
: Rotary Joints and Slp Riags* L ] ] e
Prelort/8GLS Waveguide Switeh? ® ® ®

Diplexer [ ] [ ] [ ] 5, 00 76

Parametric Preumplifter (Klystron) [ ] [ ] 26, 69 45

Reference Recotver (GRARE) [ [ ] 118,51 13

‘ " Recetver Test Unit . ° 5,19 22

<. Roresight Antennn* [ ] [ ] 25, 00 a0

: Wideband Transmitter [ ] [ ] [ ] 227,16 a7

’ Transmitter Fxciter-Driver [ ] [ ] [ ] 287, 85 25

.. Radiation Warning System [ ] e [ ] 24,82 45

Basgebard Assembly Unit [ [ ] 207.17 22

Al Digital Ranging Equipment [ ] ® [ 359, 26 23

P RDT Transfer Switch o | o | o 24,07 60

: NDoppler Frequency Converter [ ] 13,33 20

i - Range Rate Extractor [ 163, 96 23

; Frequency Synthesizer ® [ ] 98, 84 30

o Carrier 2 Demodulator ° 43,13 22

. . Terminal Sending and Receiving [ ] ® 432, 02 15

Signal Switching Facility [ [ ] 165. 26 28

o Baseband Separation Unit L 74.58 36

1.7-MHz PCM Demodulator ® 34,38 57

o Tape Recorder 1 and 2 o | o 1567.39 30

PCM Ground Station (2 each) [ 3221, 38 30

Prelort Servo* [ ] ® ® 1089, 60 GO

Communications Networks* e [} ® 182,80 10

i Test Transponder [ ] [ ] 185,23 25

Analog Test Unit "A" [ ] [ ) 46,33 34

Uplink Monitor [ ] 117,74 28

de Power Supplies [ ] [ ] [ ] 214, 94 24

de Power Supplies [ ) 156, 16 24

ac¢ Power Panels [ ] [ ] [ ] 49, 4 24

Blowers [ ] [ ] [ ] 44,32 24

Connector Panels ® ® [ ] 33.35 22

Interim Control & Display ® ® [ ] 33. 64 60

CCN's and ECP's (Installed Modifications) [ ] ® [ 9.75 45

*Non-8GLS Equipment
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MEAN-TIME-BETWEEN-FAILURES (MTBF) FOR SGLS FUNCTIONS

(HIGH-GAIN CONFIGURATION)

MTBF (tlours)

Operational
Function Funotional Equipment Funotional Equipment
Total SGLS Only
Tracking Support 284 635
Uplink Support 177 248
Downlink Support 108 131
TABLE 6-56

MEAN-~TIME-BETWEEN-FAILURES (MTBF) FOR 8GLS FUNCTIONS

(LOW-GAIN CONFIGURATION)

MTBF (Hours)

PHILCO | C

FHLCO - = 0R0 CURPOGRATION

Operational ,
Function Functional Equipment Functional Equipment
Total SGLS Only
Tracking Support 275 526
Uplink Support 174 247
Downlink Support 104 127
6-6
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)‘total = ?\1 + AB * e An « Further, the failure rates used assume that all parts
having an identifiable wear-out mechanism will be replaced prior to failure.

6.2 MAINTAINABILITY ANALYSIS
The maintenance concept at the RTS provides for three levels of maintenance:

e Organization Maintenance: performed directly on equipment in
its operational configuration and setting.

¢ Field Maintenance: performed on line-replaceable units (LRU's)
removed from the operational configuration for repair in a shop
at, or near, the using location, (Such shops are assumed to have

the necessary test, maintenance, and support equipment and
material. Field-level resources may be used to restore equipment
to its operational configuration when such restoration exceeds the
capabilities of organizational resources.)

e Depot Maintenance: used when special skills, processes, or
equipment are not available at the using location.

In the analysis that follows, only organizational maintenance is considered. No
attempt has been made to assess field or depot maintenance.

6.2,1 Maintenance Assumptions

The design of the equipment limits most operational maintenance to fault detection,
localization, isolation, correction, and verification. These actions are accom-
plished as follows:

e Detection: primarily by monitoring prime equipment displays
and indicators.
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e Isolation: by using displays and indicators and rack-mounted or
portable test equipment.

¢ Correction: by adjusting or removing and replacing an LRU.

e Verification: by determining that displays and indicators have been
returned to normal operating status.

In assessing corrective maintenance downtime, the following assumptions were
made:

e Distribution of estimated repair times is log-normal.

¢ Required tools, test equipment, and documentation are
available,

e Replacement modules and components (LRU's) are readily
available,

® Repair time estimates exclude logistics and administration
time.

e Organization-level maintenance requires only two men of AFSC
"5 gkill level per maintenance action,

e Maintenance personnel have attended an equipment-specific
training course and are fully qualified to maintain the equipment.

6.2.2 Maintainability Prediction

The prediction technique used in the analysis is a variation of Method IV in
MIL-HDBK~472, ""Maintainability Prediction,'" 24 May 1966 (Reference 7).
Briefly the steps involved are:

| PHILCO WDL Division
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H

e Identify the equipment and assembly level for which assessments
are to be developed (i.e., module or piecepart).

e Determine categories of LRU's within the equipment.

- ¢ Identify the failure rates (A) or service frequencies of these items.
(Failure rates were obtained from the reliability analysis detailed
in this report.)

¢ Predict the time required to perform each step in the required
sequence of maintenance actions.

° Accumtnéte per-item maintenance times and compute the MTTR.

The corrective maintenance downtimes (Mct) and failure rates (A) for the

. individual SGLS equipments are listed in Table 6-6. The functional MTTR for the
total collection of SGLS equipment items is rélated to the corrective maintenance
downtime and failure rate as follows: |

{ N
E Y\ B
y }‘iMict
4 MTTR = 12 -
. N
Z Ay
. i=1
' where
N = number of individual equipments
A i = failure rate of the ith equipment in failures per 106 hours
Ml ot = corrective maintenance repair time of the ith equipment
MTTR = mean-time-to-repair for all equipment items
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TABLE 6-6

L}

SGLS EQUIPMENT CORRECTIVE MAINTENANCE DOWNTIME (Mct)
AND FAILURE RATES (a)

' M Failure Rate ()
Equipment ot Per 10° Hours
{Minutes)
Signal Switching Facility 28 165. 176
Doppler Frequency Converter 20 13.38
Carrier 2 Demodulator 22 43,13
Diplexer 75 5. 00
Terminal Sending & Receiving ‘ 15 379, 17
Integration & Checkout 26 ; 487,33
Baseband Separation Unit : 36 74.57
Baseband Assembly Unit ' 22 204, 99
Transmitter Exciter 25 266.43
Digital Ranging Equipment 23 359, 32
Test Transponder | 25 197. 65
Parametric Preamplifier (Klystron) 45 86.69
Receiver (GRARE) 13 233. 86
Selective Filter 90 2.00
Range Rate Extractor ‘ 23 152, 94
Wideband Transmitter 37 227.38
Uplink Monitor 28 117.74
PCM Ground Station (2 Each) 30 3221, 36
PCM Simulator 30 760,46
Tape Recorder (2 Each) 30 1567.39
Radiation Alarm System 45 24, 82
CCN's and ECP's (Installed 45 103, 04
Modifications)
6-10
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For the SCLS equipment iterns listed in Table 6-8, the functional MTTR is 27,7
minutes, which compares favorably with the required MTTR of 30.0 minutes.

The MTTR was also computed for each operational function. Subsets of equip-
ment items used and the associated individual MTTR's are listed in Table 6-2 for
the high~gain configuration and in Table 6-3 for the low-gain configuration,

Results for the high-gain configuration are shown in Table 6-7. As in the analysis
of reliability, the functional MTTR was computed including both SGLS and non-
SGLS equipment items. These values are listed in Table 6-7 under "Functional
Equipment Total.' Entries under "Functional Equipment SGLS Only" do not
include MTTR's for non-SGLS equipment items. Asterisks in Table 6-2 identify
these non-SGLS equipment items.

Table 6-8 shows MTTR's for the low~gain configuration.

As indicated in the tables, the SGLS equipment items have an MTTR ranging
between 27,1 and 29. 3 minutes depending on the operational function. When
utilized with non-SGLS equipment items, the MTTR ranges between 33. 8 and 44. 2

minutes,
6.3, POINT AVAILABILITY

For an MTBF of 105 hours and an MTTR of 0, 5 hour, the associated overall point
availability is

Point availability = MTB?T‘?\};’I‘TR

= 0.9953

As noted previously, an approximate 5% degradation is included in the functional
MTBF of 105 hours to accommodate future equipment modifications. The analysis
indicates that the equipment will satisfy the required MTTR of 30. 0 rainutes.
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TABLE 67

MEAN-TIME-TO-REPAIR (MT'TR) FOR SGLS I"UNCTIONS
(HIGH-GAIN CONFIGURATION)

MTTR (Minutes)
~,Operational

Funetion

Functional Equipment Functional Equipment

Total SGLS Only

Tracking Support 42,1
Uplink Support 36.1
Downlink Support 33.8

28.0
27,1

28,5

TABLE 6-8

MEAN-TIME-TO-REPAIR (MTTR) FOR SGLS FUNCTIONS
(LOW-GAIN CONFIGURATION)

MTTR (Minutes)
Operational

Function

Functional Equipment Functional Equipment

Total SGLS Only

Tracking Support 44,2

27.7
27.2
29.3

Uplink Support 37.5

Downlink Support

Y L
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SECTION 7
RECOMMENDATIONS

While the current system meets its design objectives, there are several areas
where a significant increase in capability can be realized through additional
development. The most significant of these is in the automation of the control/
display and signal acquisition functions, In these and other areas noted in the
following paragraphs, it is recommended that further development. be initiated.

7.1 CONTROL AND DISPLAY

In the current SGLS installation at the RTS, controls and the associated displays
are located primarily at the equipment racks. SGLS design, however, includes a
provision for control from a remote location. The automation cf these control
functions has been investigated and a design approach developed utilizing a Univac
1230 mTc computer complex. The technique etﬂployed and the interface equip-
ment required are discussed in some detail in SGLS Control Equipment, WDL~
TR33924, 10 November 1967.

7.2 SIGNAL ACQUISITION

In the SCF environment, further development to automate the signal acquisition
function is also highly desirable. The principal objective of this automation should

be to minimize the time to acquire,

Detailed analyses of this problem* have resuited in a design approach described
in WDL~TR3538, Study Report, Main Beam Acquisition at 2 GHz for 60-Foot TT&C
Antennas, 29 March 1968,

* SCF Spatial Acquisition Study, Volumes I, II, III, WDL-TR2904A, 15 July 1966.
Analysis of 60-Foot Antenna S-Band Acquisition Problem, WDL-TR3222, 20 April
1967,
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7.3 OTHER RECOMMENDED DEVELOPMENTS

7.3.1 Test Transponder Improvements

The following recommendations related to general performance of the test trans-
ponder will improve operation during a quick turnaround and resolve known prob-
lems and limitations existing within the transponder:

e Relocate internal subcarrier switches from modules to a panel.

. Evaluste the transponder transmitter RF power metering circuitry
and replace it if warranted.

¢ Replace the flexible coupling on the attenuator with a solid coupling.
Add a movable front panel index.

e Add coax switching and terminations to ensure that all TTT RF outputs
are terminated when not in use.

e Modify the 1,7-MHz FM/FM VCO to be compatible with a true
simulated FM/FM signal.

® Correct the signal interface between the DYNAIR and the video
receiver for simulated PCM.

® Add the capability to insert PRN or similar modulation on Carrier 1
from the transponder front panel. The present system requires the
entire uplink,
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7.3.2 System Reliability Improvements

The following recommendations will further improve the availability of SGLS:

e Reevaluate the dc power distribution scheme used in SGLS and
provide redundant power supplies.

e Add protective fuses to each major PCM drawer, rather than the
rack=-level fusing now used.

e Add protective insulation or redesign to eliminate potential short
circuits in logic cards.

7.3.3 System Alignment/Adjustment Improvements

,"’As a result of SGLS testing, the following recommendations are made to improve

system alignment and adjustment:

e Modify the 1-kHz adjustment at ATU-A so that the adjustment is

less sensitive.

® Add an error-gradient adjustment to the GRARE for conical-

scan operation,

e Add a fixed analog output at COMSEC voltage levels to the PCM

simulator,

® Modify BSU/ATU-B 1.7-MHz interface for status monitoring.

V4
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7.3.4 Test Equipment Upgrading

To effectively align, calibrate, and maintain the tracking station SGLS equipment,

additional test equipment capabilities should be provided. The following measures
should he taken:

e Add a SGLS-compatible noise f.gure test set to low-gain sites (similar
to that used for high-gain sites),

e Add test equipment such as oscilloscopes, VIVM's and signal gener-
ators to data area racks.

¢ Complete implementation of the RF test-point panel located between
the transmitter exciter and driver.

e Provide a boresight tower~-mounted range calibration unit.

7.3.5 Tape Playback Improvements

Due to flutter performance of the FR~1600 type recorders, the present system is un-
able to process 1.024~ and 1,7-MHz subcarrier with PCM and composite Carrier 1

baseband during tape playback. This should be corrected to enable utilization of
this system feature.

7.3.6 PCM Demodulator Improvements

Limitations of the buiit~to-print baseband separation unit and Carrier 2 demodu-~
lators cause degradations in the expected performance of the system in handling

PCM data. Redesign and/or modification of these units would improve this per-
formance by at least 1 to 2 dB.
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7.3,7 Automation of the Digitul Ranging Equipment

The present ranging process is heavily dependent upon operator actions and .
decisions. The following changes will optimize the ranging process and eliminate
the need for operator intervention:

e Automatic normalization of correlation voltage by adding AGC
to the GRARE code clock loop.

~

e Automatic setting of the DRE integration number as a function of
S/N ratio.

e Automatic reset and start of the DRE,

7.3.8 Signal Switching Facility Improvements

More efficient use of the SSF can be realized through the following measures:

e Relocate the recorder fault-isolation equipment to the SGLS/non-8GLS
rack, thereby making additional SSF switching capability available for
future program requirements.

e Convert SSF indicator panel to a switch/indicator panel.

@ Use the card reader to configure non-SSF functions such as the
T-7 mode switch, and the Carrier 1 record/playback switch.

7.3.9 Terminal Send/Receive Equipment Improvements

The design of the terminal send/receive equipment should be modified to provide
for simple detection of performance degradation., The following improvements are

recommended:
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i ¢ Implement a real-time performance monitoring capability

into the video equipment items, such as a pilot tone and

‘ detector,

e Add external test points to data terminals A and B,
7.3.10 PCM Ground Station Improvements

f‘ } The following measures will improve operability and maintainability of the PCM

ground station:

- ® Add a front-panel main~frame synchronization point to the PCM
simulator and each decommutator.

e Replace pushbutton switches on PCM equipment with more
reliable types, including both the technical control equipment

and illuminated types on the bit synchronizer.

7.3.11 Second PCM Bit-Stream Simulate Capability

The present system cannot simulate a full service SGLS downlink signal, since only
one PCM bit stream can be simulated at a time. A more realistic checkout can be
accomplished by providing a second PCM bit stream a3 follows: ‘

Modify the timing terminal unit to accept a second PCM bit stream.

e Augment the data transmission equipment to handle the second bit
stream.

Add a second PCM simulator, or
Use the existing FR~1600 recorders as a source.

o
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7.3.12 Command Loop lmprovemeants

A number of recommendations associated with SGLS handling of command data
have been determined during the test program, These are:

e Modify the data transceiver interface circuitry to be more nearly
compatible with the DCBSU and the CCSU for echo check,

e Modify the command echo check loop to eliminate false echo
errors at high command rates.

e Provide a command source simulator/echo check comparator to
make loop checks without RTS data area equipment,

7.3.13 GRARE Improvements

The operational flexibility and use of the GRARE can be improved by implementing
the following measures:

- e Modify GRARE phase/amplitude circuitry to allow switching from
e wideband to phaselock without readjusting phase relationships.

e Evaluate the possibility of expanded use of SGLS wideband capability.

: As an example, processing of Carrier 1 data via the 3. 0-MHz wide-
band phase detector in the event GRARE phaselock equipment

,, failure provides backup facilities without increasing equipment

- redundancy.

.- e Increase sensitivity of the coherent demodulator.
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APPENDIX A
COMMAND LINK ANALYSIS

A.1 INTRODUCTION )

A.1,1 Purpose

This analysis optimizes the command link performance through selection of an
appropriate relative delay between the zero crossings of the synchronizing signal
and the leading edge of the command data bits and evaluates the possibility of
establishing a fixed value for the nominal delay contributed by the ground station.

To minimize the digital error rate in the presence of disturbances such as noise,
the command data pulses should be sampled at a time when the pulse amplitude
reaches a maximum value. In the SGLS system, the sampling pulse is derived
from a synchronizing signal that is amplitude modulated onto the carrier. that
contains the data pulses in the form of frequency-shift keyed (FSK) modulation,

The phase of the synchronizing signal must be selected such that its zero crossings,
which generate the sampling pulses, are coincident with the maximum value of the
data pulses. This, inturn, is a function of the response of the filter networks in
the vehicle.

A.1.2 Scope

The command system may be used in any of several options; at low, medium, or
high baud rates, The vehicle equipment design' is tailored to support each of these
options, but conaists of two basic designs: one for the high baud rate and the
second for all others, This analysis considers both design technigues and evalu-
ates the performance in terms of the required increase in signal power (to pre-
serve the specified error rate) versus time deviation about the derived optimum

delay.
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Once the optimum delay has been derived, the relative contributions of both the
ground and wehicle equipment are considered from the viewpoint of allocating a
fixed value for the ground equipment delay.

A.2 TECHNICAL SUMMARY AND CONCLUSIONS

A timing model is formulated for the evaluation of overall syne timing uncertainty
at 100 kbauds and at the six lower command rates (1, 20, and 100 bauds and 1, 2,
and 10 kbauds). Three sources are identified to be the principal contributors to the
overall sync uncertainty:

e Ground Equipment Uncertainty, € G
+10% of the bit period at 100 kbauds
+3% at the other command rates.

® Sync Jitter Due to Link Noise, €5
+1,7% of the bit period at all rates

e Vehicle Equipment Uncertainty, €,
Unknown, 5% of the bit period assumed to be typical,

These parameters are illustrated in Figure A-1, Assuming each of the uncertain-
ties represent the one-sigma level of a Gaussian process, then the equivalent total
sync uncertainty may be derived as the square root of the sum of the squares of the
components to give € = + 0, 1137 at 100 kbauds and €y = %0, 067 at the other com-

mand rates (T = bit period).

The optimum overall sync delay was determined to accommodate these uncertain-

ties. The values are 61 = (), 7287, corresponding to € 1 and 62 = 0, 941, corre-

sponding to € o In concept, the signal power must be increased to avoid exceeding

the specified error rate in the presence of the timing uncertainty. The required

increase is 0.5 dB for the 100-kbaud case and 0. 18 dB for the other baud rates. R
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All distributions
anumed o be
Gaussian,

— :\‘P

[ o e ——

A AT A

Normalized Delay Time, +/r

3
?

T ' bit period
b, =mean time delay in vehicle aquipment
6G = mean time delay in ground equipment
6 =8, +65 ~ natmaan time delay

¢ =time deviation due to link nolse (synch jitter)
¢, * time daviation in vehicle equipmant
‘6 time deviation in ground equipment

¢ = net time deviation

2_2,.2 2

[ SN S T I T
J

v G

Figure A~1 Statistical Modal

Since the optimum total sync delay is relatively large for both basic designs con-
sidered (6 1 and 6 2 above), there should be no problem in selecting a fixed value
of ground equipment delay for all options and then optimizing the system design

by selection of an appropriate delay in the vehicle for the specific command option
selected. Also, since the only vehicle design established at the time of this analy-
sis was the 1-kbaud option, it is proposed that the ground delay allocated by that
vehicle design be selected as the basis for the fixed value of the ground equipment
delay. This results in a delay (4 G) equal to 0. 5947, with a variation of +0, 17 at
the 100-kbaud rate and %0, 03T at the other command rates.

A-3
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A.3 SYSTEM DESCRIPTION

The following subparagraphs descrihe the important features of the command
gsystem (for the ground station and space vehicle) at several levels of detail.

A.3.1 Overall Configuration

Ve s

The command system is divided between the ground equipment and the vehicle
equipment. Figure A-Z illustrates the sysiem. The commands originate in the
Integrated Command System (ICS) as four digital channels: three carry command
data, and one carries synchronization information. The baseband assembly unit
(BAU) receives these four channels, converts them into an amplitude-modulated
FSK subcarrier, and phase modulates the main carrier with the composite
baseband, of which the command subcarrier is a component (Reference 1). The
remaining ground equipment merely upconverts and amplifies the main carrier.

In the space vehicle, the receiver coherently demodulates the main carrier to
provide the composite baseband. The command component is routed to the
signal conditioner, which demodulates the command subcarrier. A clock and

Command Subcarriar

Command Data (p/0 Composite Baseband
1 3 Dot Phase- Modulgted on Main
Integrated ommand 209 1°  Baseband Baseband Carries) Transmitter,
Command Command Data Atsembly Assembly Exciter, Driver,
System Sync Pulse Controi Unit Power Amplifier
E 1\
GROUND EQUIPMENT
VEHICLE EQUIPMENT N
Command Data
‘.' d Sommand Data Signal Commond Component | Recetver
Bir Sommand Data Conditioner Demodulator
Decoder Sync Pulsm

Figure A-2 The Command Systam
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thre¢ command channels are regenerated. 'T'hese data are sent to the digital

‘“ command decoder. The decision concerning the state of the regenerated bit is
- made in the signal conditioner at the 10 and 100 kbaud rates, and in the digital
e command decoder for the ramaining command rates (eference 2).
- A.3.2 Ground Equipment Configuration
™ For this analysis, the important component in the ground equipment is the base-
o band esssembly vnit. The BAU (Figure A-3) accepts each of the three mutuully
.. exclusive command channels and converts them to a serial FSK bit stream. The
‘BAU also accepts the sync pulse, which triggers a variable period monostable
- rﬁultivibrat.or"t_o provide variable sync delay. The trailing edge of this delay pulse
P 7 triggers & flip-flop that divides tac sync pulse rate by two and stretches the sync
‘ - pulse to a full bit period. This stretched pulse is integrated to generate a tri-
i . angular wave at a frequency that is half the command bit rate, The triengular
P waveform is‘:pa_s’s‘ed‘ through a lowpass filter that has a 100-kHz cutoff frequency.
» ‘ Accofdingly, f_he gsyne signal f_ork' the 100 kbps command rate is passed as a sine
LL wave because of suppress:ion of the harmonics; whereas, at J‘.owe‘r‘ command rates,

ey,

or sinusoidal sync signal (with respect to the data bit transition) are variable
- from 0; 5T to 0.‘7015 with both clock and FSK signals present at the two inputs to
I _ the' AM modulator, The sync signal amplitude modulates the FSK signal with a
- - modulation index of m = 0, 5. | ’

Blt-Period Trianguler

e ]

1 . Y . Wave (1/28) Pass F

‘ 3 $ync Pulse o,,...st,o, Delay Pulse Filp-Flop [ Pulse I loregrator | Low-Pass Filter

: x ™ mulbivibrater - : (F,q = 100 KHz)

; ‘.._'-.' wE ‘ J .

| en ‘ : : Triangular Wave {1/2 ﬂr) ;
{or Sine Wave for 130-kbps Sync)
Command . ] Command
- Data .4 Switch - Cscilioter z::“’md' ____..Subcorrhr
ulater
Commend Dato

- : & Sync

Figure A~3 Major Components of Baseband Assembly Unit (Ground Equipment)
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A, 3,3 Space Vehicle Equipment Configuration (Reference 2)

The most important component in the space vehicle is the signal conditioner, which
demodulates the FSK signul, reconstructs the three digital command channels,

and extracts & sync pulse, There are two signal conditioner designs: One basic
design applies to the low bit rates (1, 20, 100 bauds) and medium bit rates (1000
and 2000 bauds), while the other basic design applies to the high bit rates (10, 000
and 100, 000 bauds).

Low and Medium Bit Rate Detection

Figure A-4 is a simplified diagram of the signal conditioner (ov ‘domodulator).
‘The three command frequencies are separated by three filters and then envelope
detected. : After passing throﬁgh the postdetection lowpass filter, the three
channels are compared, one against the others, to determine which channel has
the greatest output level, The com‘parator's outputs are gent to the command bit
decoder where the state of comparator output is evaluated (state of command
data is clocked into the decoder).

The clock pulse is generated by summing the outputs of the ehvelope detector
and passing them through a narrow bandpass filter, a phase shifter, a zero
crossing detector, a differentiator, aand a one-shot device,

The characteristics of the significant filters in the receiving system are given

E below:

F o o The predetection bandpass filter (Bpr e 3-dB bandwidth is four

times the bit rate (Br): Bpre = 4Br‘

e The command signal postdetection lowpass filter (B b ost) cutoff fre-
quency is cne-half the bit rate: Bpost =1/2 B
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e The sync signal postdetection bandpass filter (Ba) 3-dB bandwidth
is typically oue-thirtieth the bit rate: B = 1/30 8 o

e The center frequency of the sync signal channel (f o) is one-half
the bit rate: f_ = 1/28.

High Bit Rate Detection

Figure A-5 is a simplified diagram of the signal conditioner, The filtered FSK
input is converted to voltage levels by the luniter diseriminator, The voltages
are filtered in a postdetection low~pass filter and processed by a two-level
threshold device, The output of this threshold device is AND'd with the clock
pulse. The bit state is determined by the signal conditioner rather than by the
command bit decoder.

- The clock circuitry is the same for high bit rates as it is for low and medium

bit rates, The expressions for B bre’ B host’ B g and f o also remain the same,

The value for Bpr e in the high~bit-rate case is 170 kHz,

A.,4 ANALYSIS

The following analytical models and supporting analyses were used to determine
the system degradation that is caused by sync signal uncertainty, Two basic
models for these analyses are described. In this analysis, one model applies

to the 100-kbaud system, and the other applies to the remaining baud rates.

The model for the low= and medium-rate command options applies to the 10-kbaud
option in this case because the significant parameter is the waveform of the de-
tected signal., The 100-kbaud signal is a sinusoidal pulse, the waveform for the
other command options is a square wave. Figure A-6 shows the composite

timing/command signal waveform,
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{ ' Medulation Facter (M) ;ME--'.MIN 0.%
. ation Factor . A “«0,80 « I0M
D . MAX * TMIN
Syne Delay o & :

e " Wreedtn e v s ' ‘s v 'o
\: e s ] 4 ¢ 8 i ] §
: Zare

Crotting T — - -
d ——
1
ax b
: NOTE:
_ e 1, Modulation envelope It wiangular far all command

rotes except the |00=kbps rate, whore bandwidth
taririchion results In o sine=wave moduletion enveleps,

2. Fragquencier are not drawn 10 scale.

: - Figure A~8 Typical Command Signal Waveform

.y A,4,1 Model One (High Bit Rate)

L

B

The model for the 100-kbaud rate is shown in Figure A-7, The predetection IF
amplifier is very narrow band, removing all but the first set of side bands. The
result is narrowband FM that demodulates into a sinusoidal pulse,

AR
L
»

The sinusoidal pulse passes through a simple RC lowpass filter with a cutoff

e

s frequency at one-half the bit rate. Ideally, after passing through the lowpass
e filter, the waveform is sampled at its maximum value. Any other sampling
Lowe point results in a requirement for a greater signal level to guarantee that a

bit error rate of one in 105 bits is not exceeded.

Typicat Command

= ° FSK Spectrum
i A LLLLL-LLLI-LLL' Narrow _LLI__. _/\_ L° __/\
i —— Bondpau Detector wpass e
Filter
Fliter

Figure A-7 Model One (for 160-kbaud Bit Rate)
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Typleal Command

B3K Spectrum

ot b i) AV Qe IR TTY B L P
FI‘{::‘ Detector "0'?:'!“

. és
i
%.

EEE

Figure A-8 Modei Two (for Bit Rates of 10 kbauds and Lews)

A.4,2 Model Two (Low and Medium Bit Rates)

The model for the remaining command rates is shown in Figure A-8, The pre-
detection IF amplifier has sufficient bandwidth that enough side bands are parsed
to permit detection of the waveform as a square wave, This square pulse train
is passed through an RC lowpass filter, and is subsequently sampled at (or very
near) the filter's peak output. The latter cutoff frequency is one-half the bit _
rate.

A,4.3 Results of Prior Analysis

The IF SNR required to meset the specified error rate and the sync pulse jitter
caused by the presence of gaussian noise is derived in Volume III, Appendix V.
Results of that analysis were used to develop the data on sync jitter summarized
in Table A-1, 1

TABLE A-1
I¥ SBIGNAL-TO-NGISE RATIO AND SYNC JITTER

Bit Rate IF SNR Jitter
(bauds) dB) %)
1 14,2 1.6

20 14.2 1.6

100 14.2 1.6
1,000 14.2 1.6
2,000 14.2 1.6
10,000 18.1 1.6
100,000 7.2 1.8

A-10
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A,4,4 Postdetection Filter Analysis

This section analyzes the jitter output response to two input forcing functions

: of the postdeteotion filter, This filter is a simple RC lowpaass type whose
, transfer function ia

e
—2 ) = (T + L
in

where

Input Forecing Functions

The input forcing function is the output of the detector, whether it be an envelope
detector or a limiter discriminator.

The forcing function f¢) for the 100-kbaud rate is a sinusoidal pulse

f€) = (u¢t) - 1¢t~m] sin (rt/7)

where 7 is the bit period.
The forcing function for the remaining bit rates is a square pulse

ft) = pt) - pet-7

A-11
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Output Slgnal_ ‘

100 kbauds = Model One. The expression for the portion of the output waveform that
\\E includos the maximwn is, for O0st < 7,

o = §Aau® foro (4] + /T o (1 - )]

This function is plotted in ¥igure A-9, By differentiating e, ) with respect to time
and setting the derivative equal to zero, it is readily determined that e, is a maximum

whentm = 0.T287T .

[ (o‘/A)M.
If the sampling uncertainty is zero and e /rl—.,
the sync delay is equal to t then the . B / \
system is optimum and the signal required ML / N

to guarantee achievement of the specified
0.4 /

e /A

error rate is

Lowpass Filter Output Voltage,

- ,}_ - - 0 . s 0.2
o, =5 A, [exp (-0.7287) 7
+ /2 sin (0,72 - )] R | 1 L L.
L ( 728 I ° 5.7 X %8 5.0 T.0
\ Time Ratio t4
Ao is determined by the required SNR., Figure A-9 Waveform at Lowpass Fiitér Qutput for Model One

If the sampling‘uncerta.inty is €T, _ _
then the signal required to achieve the specified bit error rate is, for 0< ¢ « 0.5 ,

eo ‘-—“%A exp [_(0.728 + e)ﬂ] + \/2— sin [(0.728 = €)W ...__74L]$

where A, A o are the filter output signals required to guarantee sampling at
the output threshold, e, *

A-12
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D = 20log,, [eXp (-0.728m) + 2 sin (0'728" ) ir')]

~20 log, iexp [-(0.728 ¢ )n] + /2 sin [(0.728 )T - i’.]g

This function is plotted in Figure A-10. Since the shape of the output waveform is not
-symmetrical about the peak, both positive and negative sync uncertainty curves are shown

in this figure.

The abscissa shows the correspond-
ing values of total (rss) delay uncer- |
tainty and of vehicle delay uncer- |
tainty (with a ground sync delay un-
certainty of +0.107 and a sync pulse
jitter of %0.01771). For e = %0,113,
‘c‘:orres;ionding to a vehicle delay un-
certainty of 0,057, the degradation
18 0,52 dB for +€ (worst-case value),
and 0, 42 éB for ~e, Hence, the maxi-
mum axpected degradation arising

Degradaticr (D in dB) From Zero Sync Uncerrainty

from sync delay ‘uncertainties is
about 0.5 dB for the assumed vehicle
deiay uncertainty of +0, 057,

Although the pulse is asymmetric, the
nominal optimum delay (4) may be
taken to be the value corresponding to
maximum level (0.7287) with negligi-
ble penalty for all reasonable values
of vehicle delay.
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A-10 System Degradation vs Sync Uncertsinty for Model One
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10 kbeuds and Less - Mudel Two. The expression for the portion of the output
waveform that inclides the maximum value is

ot A{u(t) [ - e (k)] - wen [1 B (L")]}

This function 1s:sketched in Figure A-11, The maximum value occurs at the
end of the bit periodat t = 7.

mm 3:!:; :o;"m - To ensure minimum degradation,
;:;d o _<5 ‘ EH_ , the sampling pulse must occur
§ . during the bit period as indicated
3 ‘ in Figure A-11, The asymmetry
§ 0.5 4+ | ‘ - of the output waveform raust be
g / S accounted for,
:é ° 0 ' o:, ' 0:4 F a.: : ofe * ,':0 : 1.:2 'l :4 If the sampling uncertainty is zero,
Time Ratio, then the system is optimum and the
E S signal required to achieve the
A-11 Signal at Guptut of Lowpasg Filtar for Model- Two speciﬁed error rate is

ey = Ay [1 - exp (-m)]

If the sampling uncertainty is ¢, the signal required to achieve the specified bit
error rate is, for 0= € s 0.5,

e, = A;I -exp [- (1 - 26)1r]§
where Aand A o are as for 100 kbauds. The degradation is thus

D =201log,, (1 -exp (-m)] ~-201log 4l ~exp [-(1 - 2&)r
10 10 |
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This function is plotted in Figure
A-12, Because of the gross asym-
metry of the filter output waveform,
the overall sync delay must be ad-
justed according to the overall un-
certainty of the sync position and,
hence, the vehicle uncertainty.

The overall time delay is set to

6= (1-¢€)rt.

The abscissa shows the correspond-
ing values of total delay uncertainty
and of vehicle delay uncertainty (with
a ground sync delay uncertainty of ‘
+0, 037 and a sync pulse jitter of

+0, 0171), For € = =0, 06, corre-
sponding to a vehicle delay uncer-
tainty of 0, 057 the degradation is

0, 18 dB.
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A.5 GROUND EQUIPMENT DELAY SETTING

The ground equipment delay must be set to accommodate the existing vahicle deaign,
incorporating a 1-kbaud command system, in accordance with the Lockheed speci-~
fication (Reference 4). This specification requires that the ground delay be set to

a nominal value of 600 usec (0.67 ) with a tolerance of 15 usec (0.015+). On the
other hand, the SGLS specification for the ground equipment (Raference 5) permits
a tolerance of + 0.037 about the selected delay. This specification anomaly can he
simply resolved by reducing the nominal delay in the ground equipment so as to
compensate for the SGLS tclerance. | |

With this particular vehicle, the command system operates in the manner analyzed
under Model Two, in the preceeding paragraph. That analysis demonstrated that
the total nominal delay plus the system variation must equal the bit interval. Re-
ferring to Figure A-1, this may be succinctly stated as ’ . ’

b+ €r=1

or, in terms of the component parts of the total delay, -

6 =(1-€)1'-av

G
and
2 _ 2 2 2
‘ From the above relationsghips, the compensated ground delay (6(';) that corresponds

to the increased variation (e') due to the SGLS tolerance (¢ 'G) is given as

éé = 6G-(€'-€)'r

and
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U
*

2 2 2 2
(€ = € * €, ¢t (e'G)
= ™ = Y = =
' For GG 0.67, GJ 0.0177, €g 0.01537, €q 0.037, and €y 0057
$ (assumed), we have 6G = 0,5947.

Since the optimum total sync delay is relatively large for all options of the command
system, it is feasible to select a single value for the ground system delay to accom-
modate these options. It is proposed that the value selected be the one derived
above for the only known existing vehicle design. This, of course, will require that
appropriate delays be selected for subsequent vehicle designs in accordance with
the optimum total system delays derived in the preceding paragraph,

A.6 CONCLUSIONS

(See Paragraph A.2, Technical Summary and Conclusions.)
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APPENDIX B

DATA DISTORTION DUE TO
PHASE NONLINEARITIES AND AMPLITUDE RIPPLE

B.1 GENERAL

The characteristics of the tandem components in the signal (or sum) channel of the
SGLS receiving subsystem have direct bearing upon the quality of the output signal.
In particular, the nonlinearity in the phase response and the variations in the ampli-
tude responses of the components could distort the angle-modulated signal to an
extent that can rander the received information unusable. The effect of the non-
ideal, but realistic, component characteristics upon the SGLS performance is an
important area of investigation and is thus considered in this distortion analysis.

The alternative techniques available in performing the analysis and the selected
approach are discussed below, The selected case for analysis is then identified by
carrier degignation, signal type, and modulation scheme. Additionally, the com-
bined phase and amplitude characteristics of the tandem components are tabulated.
Next, preliminary results are presented in terms of the calculated percent of dis-
tortion, Lastly, conclusions based on the specific case analyzed are summarized,
For reference purposes, the FM/PM Spectrum Analysis Computer Program is con-
tained in Paragraph B, 6.

B.2 METHOD OF ANALYSIS

o B. 2.1 Selection of Approach

Several alternatives™ for analysis are available to assess the effect of phase and

amplitude nonlinearities upon the received signal, These alternatives are:

*P, D, Shaft, "Effect of Phase and Amplitude Characteristics on Telemetry Per-
formance, " Philco-Ford WDL, Communication Sciences Department Technical
Memorandum No. 83, November 1964. ‘
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1. Taking the product of the Fourier transform of the signal (signal
spectrum) and the transfer funotion of the component or the network

2. Convolving the signal time function and the impulse time response of
the network

Bl et it e

3. Making a simplifying assumption such as quasi-stationarity and using
alternative 1 or 2

4, Expanding the network charaocteristics as a polynominal in time or
frequency and using one of the above methods

5. Expanding the signal in a Fourier series, modifying the terms by the
component or network characteristics, and reconstructing the output
waveform by Fourier synthesis

Alternatives 1 and 2, although valid in principle for any case, are mathematically
complex except for certain characteristics. Also, these methods require that
transfer characteristics are capable of being put in closed mathematical forms.
Alternative 3 can lead to erroneous results, as noted by Wang; * except under limited
conditions. Alternative 4 is reasonable only when the network characteristics can be
expressed with a few terms, Alternative 5 is valid for periodic signals passing
through components having any characteristics but has been little used because of the
large amount of numerical computation involved. Since a computer program
developed at Philco~-Ford WDL is available to perform the computations, Alternative

é : 5 was selected,

A comparison of Alternative 2, used by Wang, and Alternative 5 indicates that these
two methods are, indeed, similar; the basic difference between them is that Wang
combines the harmonic terms before determining the distortion components. An
advantage of the WDL method is that curve fitting of the measured phase and gain

*H. 8. C. Wang, "Distortion of FM Signals Caused by Channel Phase Nonlinearity
and Amplitude Fluctuation," IEEE Transactions on Communication Technology,
Vol. CT~14, August 19686, ’
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characteristics is not required since the data are read directly into the computer
as disorete points, thereby avoiding errors arising from the "hest fit" analytical
expressions,

B.2,2 FM/PM Computer Program

The WDL FM/PM Spectrum Analysis Computer Program simulates frequency or
phase modulation of a carrier by use of a periodic waveform, The program calcu-
lates the spectrum of the modulated carrier, permits linear filtering of the same,
and then demodulates. Linear filtering of the input and the output waveforms is also
permitted. The program algo analyzes and calculates the spectrum of the output
waveform., The computer printout includes plots of the input and output waveforms,
if desired, and the amplitude of the input and output spectral components, A more
detajled description of the computer program is presented in Paragraph B. 6.

B.2.3 Digtortion Criteria

A visual indication of the amount of distortion introduced by the SGLS receiver can

be obtained from a comparison of the input and output (time) waveforms, However,

a quantitative measure is more desirable, especially when comparing different cases.
Two equivalent methods are available to evaluate power distortion: one utilizes the
frequency domain and the other the time domain,

In the first method utilizing the frequency domain, the distortion is determined from
an analysis of the demodulated output signal by comparing the additional spectral
} - terms arising from the effect of the combined receiver components with the spectral

terms in the absence of component distortion. Analytically, the distortion, D, may

be written as

D (in percent) = 100 x (B.2-1)

M=iM=

oy
]
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where the Ck's are the amplitudes of the acdditional spectral terms due to distortion,
the (C 0 k's are the amplitudes of the spectral terms in the absence of distortion,

and M ia the total number of spectral terms considered. When the input signal is
a single sinusoid, Equation (B. 2-1) reduces to

2
Cx

::'Mg

N‘iu

(B.2-2)

0
D (in percent) = 100 x 0
C

1

where C, is the amplitude of the fundamental,

In the alternate method utilizing time domain, the distortion is determined by com~
paring the corresponding amplitude samples of the input and output time waveforms
(the corresponding amplitudes being paired after accounting for the overall time
delay). In this case, the distortion may be written as

N
D (in percent) = —(I)\T' Z A'i+'r)2 (B. 2-3)

/
/

where A and Ai +r arg the amplitudes of the input and output (time) waveforms

at t and tivr respectively, and where 7 is the time delay, and N is the number

of samples per half perlod

e
e i

To obtain a meaningful value of distortion by this procedure, N should be of large
enough value that when the time delay is taken into account, the corresponding
amplitude samples line up (in time) reasonably well; of course, the better the

: samples line up, the truer the value of D will be.

B-4
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B.3 SGLS CONFIGURATION AND CHARACTERISTICS

B.8.1 Configuration for Analysis

Initial analysis is focused upon the most stringent SGLS configuration in terms of
signal distortion. Hence, the reception of Carrier 3 is considered in its wideband
mode of operation (IF bandwidth of 36 MHz), Since the bandwidth requirements for
Carrier 1 and Carrier 2 operation are much less than for Carrier 3, the signals
associated with these carriers should be less distorted by the network componenis
than Carrier 3 signals,

The signal and modulation characteristics for Carrier 3 operation are not firmly
defined at this time., The following case is believed to be a representative selection

for analysis:

A sine wave input having a frequency of 2 MHz with frequency modulation,
simulating FM/FM wideband operation.

A modulation index, m, of 5 was used in the analysis; this value fills the IF band-
width with harmonic terms and also permits a reasonably rapid decrease in the

magnitude of the terms beyond the 3-dB IF bandwidth,

B.3.2 Phase and Gain Characteristics of Tandem Components

In order to perform a distortion analysis based upon a particular design configuration
of the SGLS receiver, it is desirable to have both the phase (B) and amplitude or
gain (G) characteristics over the frequency band of interest for each of the tandem
components in the sum channel. An alternative form from which the phase character-
istic may be determined is the curve of time delay (r) versus frequency, since by
definition T = -dB/dw. For our selected approach, measured phase and gain data
points versus frequency are preferred as inputs rather than an approximated curve
(unless a sufficient number of terms in a power series are used)., Thus, the intro-
duction of error at this point in the analysis is avoided.
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For wideband operation with Carrier 3, phase and gain data have been onbtained for
the SGLS solid-state parametric amplifier and the predetection filter assembly with
a 35~-MHz bandwidth and centered at 129, 5 MHz, Data for these components are
presented in Table B-1,

The phase and gain characteristics of the other tandem components were omitted at
the time the computer runs were made for the wideband cases. In general, these
components are wideband devices and are not expected to alter the results appreci-
ably. For example, the 5-pole Chebyshev preselector filter of 120 MHz bandwidth
has a calculated linear~-phase region of approximately 52 MHz (see Figure B-1),
which is much wider than the 35-MHz bandwidth used in the wideband analysis. The
validity of this calculated filter ohara.cteristid is evident from a comparison of
measgured and calculated curves for a 3-pole Chebyshev filter having a 2, 716-MHz
bandwidth (one of the three selectable filters).. Figure B-2 indicates good agree-~
ment between their linear phase characteristics {linearity being the keyv property
of the phase curve). k S

B.4 RESULTS OF ANALYSIS

The power distortion was evaluated from the values of Cﬁ and Cl‘- ‘(which are direct
computer printouts) and the use of Equation (B. 2-2), Thesa values are

2
24 c? & 0,0000345 and C2=0,249 (B.4-1)
k 1 |
k=0
, k=1
“ hence,
_ 100X 0,000345 _ B. 42
D 529 = 0,138% ( )
B-6

PHILCO I

FHILECO - FOAD CORPORATION

WDL. Division




[

. WDL-TR3227-1
B Volume |, Part 2 :
Y TABLE B-1

MEASURED PHASE AND 1.OSS CHA RACTERISTICS OF

PREDETECTION FILTER ASSEMBLY
(f, = 129.5 MHy, BWy ., = 35.0 MHz)

f af B

f af B L f af B
MHz MH:z deg

MHz MHz | deg | dB{| MHz | MHz deg

B
B
Bt

I B
; MHz | MHz | deg

110.0; «19.5 | 701,08| 4.7 120,0 | -9,5 | 90,48/ .06(| 130.0{ o0,5| -4.55 | 0 140.0 [ 10.5| -100,85 |.20

110.5| ~19,0 | 188,986/ 4.3 120,5 | -8,0 | 85,33 .01j] 180.5| . 1,0| -9,09 | O 140.5 | 11.0| -106,35 | .25
1 =13.64 | 0 141,0 | 11.5| ~-111,88 |.31

n

131, 0 - 1,

111,0| -18,5 190,73 38,9 121,0 | -8.5 | 80.256

111,35 -15,0 | 188,37} 3.5 121,56 | -8.0 | 75.23 131.5 2.0-*-18.18 141.,5 | 12.0 ) -117.49 |.4

0
0

112,01} -17.5 | 179.95( 3.0 122.0 | -7.5 | 70.26] 0 || 132,0] 2.5|-22.70 142,0 | 12.5| -123,24 |.5
0

0
0

132,5) 3.0]-27,20] O 142,5 | 13,0 | -129,08 |.6
0 143.0 | 18,5 -184,88 | .71

112.5] -17,0 | 174.51] 2.7 [|122,5 | <7.0 | 65,95
113,01 -16.5 {148,908 2.3 |[123.0 | -6.5'| 60.49] O [{ 133,0] 3.5|-31.70
113.5] -16,0 | 163.92f 2.1 |]123.5 | -6.0 | 55.c6] o || 133.5| 4.0f{-36,11 ) o [l 143,5 14.0| -140.83 |.82
114.0 | -15.5 |157.68 1.7 |[124.0 | -5.5 | 50.87] o || 134.0[ 4.5{-4e.74 | 0 [ 144.0| 14,5 146,78 1.0
‘ 114,5| ~16,0 [152.01 1.4 ||:24.5 | -5.0 ! 46,15 o || 134.5) 5.0]/-45.36 | 0 | 144.5| 15.0| -152.82 | 1.2
. 115.0 | =14.5 | 146.81| 1.2 |]125.0 | -4.5 | 41.49| o ||135.0| 5.5[-50,06 | 0 1l 145.0 | 15.5| -158.49 | 1.5
115,56 -14,0 | 140,60/ 1,0 |1125,5 | -4,0 | 36,85 o0 [{135.5| 6.0|-54.88 | 0 | 145.5| 16.0]| -164.31 | 1.8
116.0/ -13.5 |134.88] 0.8 ||126.0 | -3.5 | 32.21] o |[136.0| 6.5{-50.76 | 0 [ 146.0 | 16.5] -170.06 | 2.2

116.5| -13.0 [ 120,15{ 0.7 12,5 | -3.0 [ 27.58 O |}136,5| 7.0{-64,67 146.5 | 17.0| -176,70 | 2.6

147.0 | 17.5| ~181,19 | 3.0

L~

117,0 | -12,5 |128.42{ 0,568 |{127,0 | -2,5 | 22,94] O ||137.0] 7.5 -69; 62
117,5 | -12,0 |117.72| 0.46 |[127.5 | -2.0 | 18.31 o [|187.5| 8.0|-74.62 | © 147.5{ 18,0 | -186.50 | 3,5
118,01} ~11,5 |112,06] .33 |[128.0 | -1.5 | 13.70{ ¢ ||138.0] 8.5|-79.70 .02 | 148.0 | 18,5 | -191.63 | 3,9
118,51 -11,0 106,51 .28 {|128.5 | -1.0 9.11 o0 [|138.5} 9.0/=~84.85 | .05 ]l 148,5 | 19.0 | -196,58 | 4.4
119,0 { -10.5 [ 101,07 .20 |{129,0 | -0.5 4,55 0 ||139,0| 9.5{-90,09 | .10 }| 149.0 | 19,5 | -201.87 | 4.9
119,5 | -10,0 | 96.72| .14 []129.5 0 0 0 (]139.5) 10.0{ -95.42 | .14 | 149.5 | 20,0 | -206,23 | 5.4
150.0 | 20.5| -210.48. 5.9
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Figure B-1 Calculated Phase Characteristic of 5-Pcle Chebyshev Preselector Filter
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) Figure B2 Measured and Calculated Phase Characteristic of 3-Pole Chebyshev Predetection Filter Assembly
o with By 0 = 2.716 MHz
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B.5 CONCLUSIONS

The distortion analysis presented in the preceding seotions indicates that the power
distortion for Carrier 3 (utilizing the 35-MHz IF bandwidth) is about 0, 14% for
wideband FM/FM operation with a 2-MHz sine-wave signal when a modulation index,
m, of 5 was used, (This value of m was selected since the RF apectrum embraces
the 1F bandwidth, with a rapid decrease in the amplitude of the terms outside the
band. )

The above value of distortion is based upon the combined phase and gain character-
istios of the amplifier and the 36-MHz bandwidth predetection filter.

B.6 THE FM/PM SPECTRUM ANALYSIS COMPUTER PROGRAM

B.6.1 Geperal

The WDL FM/PM Spectrum Analysis Computer Program essentially performs the
simulation of the transmission of a phase- or frequency-modulated signal in four

steps as follows:
1. Spectrum-analyzes the modulated signal

2, Modifies the carrier spectrum with the characteristics of the receiving
filter~-mixer-amplifier chain (hereafter referred to as the filter)

3. Demodulates the carrier

4. Spectrum-analyzes the demodulated signal

The phase-modulation case is deecribed below, For the frequency-moduiation case,
the signal is first integrated before phase modulating the carrier.

B-10
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B.6.2 Spectral Analysis of Tranamitted Signal

Let E (t) be the information signal and be periodic in time with period T. Ifa
oarrier of unit amplitude and frequenoy f is phase modulated with E (t)’ the
resulting RF signal [E (t)] can be expanded in a Fourler series as ful)ows-

o0 .
| . ank ‘ ‘ ‘
B 0 = oo (3mtt ¢ B0] =\ B¢ eos{amtgr Bt e #k) @

The PM spectrum of E s (t) consists of the am;ilitude dy and the phase ﬁk associ~
ated with frequenocy shifts k/T. The complex coefficients of the Fourier series can
be found from

R ‘
-jonk
T
In real form, this is.
T
2
1 2m 1r
dkcosﬁk=i,j:r [ cos E (t) cos k1:+sinl£:(1:) sin2 k t] dt(B.6-3)
2
T
2
1 o 2mk 27k
'dk sin,Bk = fT[a-cos I«,s(t) sin-—,i,- t + sin Es(t) cos —m— t] dt (B.6-4)
B-11
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To use these formulas for d.gital computation, the integrals are replaced by sumas,

The time scale over a period T is first divided into 2N segments of width At, The

area under the integrant is then replaced by 2N + 1 rectangles as shown in Figure

B-3, ‘L'he widths of the rectangles are At except for the first and last rectangles
. which have widths of At/2. The integral then becomes the sum of the areas of the

~ rectangles.
d, cos @B, = 1 %’ cos E (t) cos ik, sin E (t ) sin ”"‘]At
K C8 Bk T T &y i N 1 N
1 N T ik mik
= 3N =z [cos E (ti) cos —N-— 8in E (ti) sin -—-ﬁ-—] (B.6-5)
|
: | | | ' A '
R |
|
|| R I ]| | I I
I [ | | i [ I | | | |
t t t t t. t
-N -1 0 1
!-At-q i N

Figure B~-3 Partitioning of Integrant Waveform
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—1§'[ E ) sin T + otn E_(t) cos K] (B.6-6
dkslnﬁk—m:i=_N ~Co8 s(l)sn S sin s(l° N (B.6-6)

where the prime of I' means that the first and last terms have half weights.

Finally, dk and Bk are computed from

4 = \/ (@, cos B)% + (@, stn g,)° (B.6-1)

B, = arctan [(dk sin B,) / (d, cos Bk)] (B.6-8)

The computer computes the d, and By for =-M < k < M. Therefore 2M + 1
spectral lines are computed.

B.6.3 Spectrum Modification

After the RF signal has been spectral analyzed, the computer program then modifies
the RF gpectrum by the filter (element) characteristics. The filter gain and phase
responses are stored in the memory in tabular form as functions of the frequencies.
For each speciral component at £ ot %, , the dk is multiplied by the filter gain,

and tf:e phase at fc + -1,% is added to Bk. Linear interpolation is performed when

fc + is not one of the tabulated frequencies.

B-13
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B.6.4 Demodulation

The third step is to perform the demodulation. The program assumes perfect phase
demodulation is attained; that is, the demodulated output E o(t) is directly pro-
portional to the phase of the input RF signal. Because of the possible nonlinear
behavior of the filter, the modified RF signal (denoted by E2 (t) ) may not have a
constant envelope,

Therefore, the RF signal is agsumed to be amplitude as well as phase modulated.
This is expressed by '

Re A(t) o]@Tht + Eg®)

it

Eyf(t)

u - )
RekZM d Bk I @TE L + 275 t) (B. 6-9)

where the primes on dl'{ and ,B;{ denote the modified dk and ,Bk respectively.

At t = ‘ti,

M ,
i E (t)__ ’ jﬁ J__.. t _
Ag) el ot = a dPk JT Y (B. 6-10)
i) k=2-:M k

kt | or in real form:

’ M [ ’ L4 "
At) cos Egyft,) = d, cosB, + 3 [(dk cosB, +d  cos G )
k=1 (B. 6-11)

ik ’ ’ ’ ’ . ik
< cO8 Ty + (—dk sin Bk + c_ik sin gk)-sm T]

B-14
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M
N " ’ ' ' . 1k
A(tl) sin Eo(tl) = du sin ﬁo + §=:1 [(dk inpk + dk sln@k ) cos N

+ (d;( cos Bi‘ - d_;( cos g’ ) sin L}}l‘.] (B.6-12)
The demodulated signal Eq (t) is oomputed‘-by
Eof,) = arcten [A(t!) sin Egt,) /Ac) cos Eo(tl)] (B. 6-13)

The Eo(ti)'s calculated for ~N =i< N represent the sampled voltage of the ‘
demodulated signal waveform over a period T with the sampling interval At. The
results are plotted to show the demodulated signal visually,

B.6.5 Spectral Analysis of Output Signal

The fourth step is to analyze the cutput signel into its spectral éorbponents. The

procedure is similar to step 1. The output of this step aisq includes the relative

power contained in each harmonic, which facilitates the distortion study when the
‘ input gignal is a sine wave. ‘ ‘

. B-15

m o o ’ | WDL Division

FHILEO « F ORD GORVMORATION




WDL~TR3227-~1
Volume I, Part 2

APPENDIX C

ANGLE TRACKING ACCURACY

C.1 INTRODUCTION %

This appendix presents an analysis of the angle tracking accuracy of the SGLS
high-gain and low-gain antenna configurations, Paragraph C,2 describes the
sources and types of errors and discusses the methods of combining the errors
to determine the overall tracking accuracy.

Paragraph C, 3 summarizes the specific sources, types, and magnitudes of errors
that are of interest in the two antenna configurations. The results of the analysis

are presented in Table C-1.
Lastly, a discussion of each error

TABLE C-1
ANGLE TRAGKING ACCURACY : source is presented in Paragraphs
(A1 valtes in millirudians)
ey C. 4 through C. 8 to show the rationale

1hgh-Gain Antenna Low-Giain Antennn
Amtenaa Il Error | Notse Error | Bias Error | Noise Errar used in deriving individual error

{rms} (rms) (rms) (rms)
Elevation® <0, 4 <0,4 <0,3 0.5 contributions .
A/.lmuv.hz <0, 8 <0,3 <0,2 <i.1

1I-‘or elovation ungles greater than 5° and less than 85°,

“For elevation angles less than 70% Specia.l terms used in this appendix
are defined as follows:

Tracking accuracy The accuracy with which the readout devices
o indicate the true positioning angle to the spacecraft.
I Systematic error An error that is a function of any system param-

eter susceptible to calibration (or a known function)
and capable of removal from the data.

Bias error An error which is nonvaryirg over short periods
of time but which cannot be compensated, A short
period of time will be considered as the duration

of the pass,
Noise error An error that occurs in a random fashion or whose
£ ‘ source is of a random nature.
e Cc-1
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C.2 GENERAL DESCRIPTION

C.2.1 Sources and Types

T
v
.

The sources of angle tracking errors are grouped as follows:

P

RF
Propagation
Servo
Mechanical
Calibration

The error contribution for each source is further identified as a systematic, bias,
~or noise error. (See Definitions,) Systematic errors are known and are assigned

positive or negative values, Bias and noise errors are rms values since they are
of a random nature.

In general, errors in both azimuth and elevation will vary with antenna elevation
angle; therefore, errors are considered for elevation angles between 0 and 90°.

C.2.2 Combinative Methods

The individual errors must be combined to produce the total noise, bias, and syste-
matic error, as indicated below:

a. Bias errors. Each bias error is assumed to be a random variable
independent of all other bias errors. The total bias error is,
therefore, obtained by summing the variance of the random vari-
ables, The resultant sum yields the variance of the total bias

error, The rms error is then obtained by taking the square root of
this quantity.

b.! Noise errors. Noise errors are combined in the same manner as
bias errors.

Cc-2
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% c. Systematic errors, Systematic errors are known and, as such, are
§ combined arithmetically with consideration given to the sense of the
£ e
i error, For example, error sense is chosen as follows:
;{ i e Dish sag is negative error.
Lo e Feed sag is positive error,
E
s e Servo lag may be either positive or negative,
. .
g c-3
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C.3 SUMMARY OF TRACKING ERRORS

The rms noise and bias tracking errors and the systeinatic error versus antenna
elevation angle are presented in Tables C-2 through C-5, The total error shown
at the bottom of each column in the tables is also plotted versus elevation angle
in Figures C-1 through C-4. For réference, error tables and graphs are indexed

as follows:
Antenna Axis Table Figure
High gain Azimuth c-2 C-1
High gain Elevation C-3 C-2
Low gain Azimuth C-4 C-3
Low gain Elevation C-5 C-4

The error tables present the individual error sources under their appropriate
headings. Error values are listed under antenna elevation angle and error type,
i.e., systematic, bias, or noise,

Examination of the error curves (Figures C-1 through C-4) reveals that the total
elevation errors are well below 1 mrad for all elevation angles. Azimuth errors
are also below 1 mrad for elevation angles up to about 70° but increase rapidly
thereafter. This large increase is due to the secant (elevation angle) correction
factor which must be used on most errors in the azimuth axis,

Comparison of the low-gain and high-gain errors shows that noise errors exceed
E bias errors for the low-gain antenna, whereas the reverse is true for the high-
gain antenna, This is due, for the most part, to the large polarization and col-
limation errors (bias) assigned to the high-gain antenna, plus the phase shift and
amplitude unbalance errors which occur for the high-gain antenna and not for the
low-gain antenna, On the other hand, the receiver noise error for the low-gain
antenna exceeds that for the high-gain,

Since systematic error is correctable, it is not considered as tracking error and
is therefore not included on the graphs.
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TABLE C-2
HIGH-GAIN ANTENNA AZIMUTH ERRORS

D e - R S —
N = RMS Noise Error : E, =35° El, =48° El, = 63* El, = 88°
I : :;t'lim&'d‘:l:d" 0,01 mrad 8 B N s| B N 5| B N Is| B N s B N
Radio-Frequenoy Errors
1. Noise 20-dB SNR in 1-kHs BW) | * . 0.04] * v 0.04 | * * 10,08 |» * 0.09 . » 0.48
3. Amplitude Unbalance (0.3 dB) *lo08| * | *Jo.08] * *jo.08| * |%jo.14| * * |o.69]
& 3. Phase Shift (Pre: 5°; Post: 10% * 10,02 . * 10,02 . * 10,03 * * 10,05 . . 0.33 .
: Propagation Errora
4. Radome Refraction * . 0.05] * . 0.06 | * * 0.07 |+ . 0,12 . * 0,57
8. Atmospheric Propagation . * . L * | = » * . * . . *
0. Multipath * * t ] » t * - t ] * t ] * t
Servo Errora
7. Lag (Alt. 500 nmi, me 85" t . * t * . t * . t * * 1,06 * .
8. Blas * 10031 * | *]|0.03] * |*|o.04] * [*]o.071| * * lo.s4})
Mechandcal
9. &Nme .nd FM * *® - * * * * * * - » *® * * *
10. Acceleration (Alt, 800 nmi, L] t » * T . . t * * 1 * * ¢ t
E___ 889
Calibration
11, Orthogonality * | N * | N * sl1o,01| * *lo,02| * * o] t
12, Misleval * |o01] * *lo.08| * * 1022 * |»{o0.26] » + |10 =
13, Encoder Error * * 0.02] * * 0.02 }» * 0,02 | * * 0,02 he * 0,02
14, Collimution * lo.11 * *l0.12 * *| 0,16 * * | 0,26 * " 1.26F *
15, Instrumentation (Alt, 500 omi, |* | + * | ¢ * « « f+| ¢ * * 0,44 | =
E max 85
16, Polarization * 10,20 * * 10,22 * * 10,28 * * 10,47 * * 2.30 * 16, P
TOTAL |
TOTAL ERROR 10,24 10.07] t [0.26}0.075[1]0.36]0.004|t]0.65|0.151]+1.05| 4,50 0.733
2 TABLE C-3
- ] HIGH-GAIN ANTENNA ELEVATION ERRORS
8 =© Systematic Error “Elevation Error (mrad) % s ?gn
: ; gMg‘;;lE;nE):mr ) El, =5° E, =25° El, =45° El, = 65° El/ = 86° l: : gz‘
t = Negligible, under 0,01 mrad s * - No
* = Not Applicable

B N 8 B N 8 B N S B N 8 B N

Radio-Frequency Errors

1, Noise (20-dB SNR in 1-kHz BW) * * 0.04 * * 0.04 * * 10,04 * * 0.04 *
2. Amplitude Unbalance (0.3 dB) * 0,08 * * 0,06 * * 0.06 | * * 0.06 ¢ »
3. Phase Ehift (Pre: 6°; Post: 10°) * 0,02 . » 0,02] * . 0.02 - * 0.02 * *
Propagation Exrors
4, Radome Refraction . . 0,05 * * 0,05 * * 10.06 * * 0,05 *
5. Atmospheric Propagsation +3.0 * 10.32] +0.80 * 0.08| +0,4 * 10,02 +0,3 * 0,01 | +0.2
6. Mﬂﬂuﬂ‘ * " 0.05 * L] 1 * * 1 * * 1 *
Servo Errors
7. Lag (Alt. 500 nmi, E_ 857 i L t L t |0 t v |+ |08
8, Duas 0,03 0,03 0,023 0.02
Mechanical
9. Structure and Foed -0.80 * * =0.73 . * -0,57 * 4 -0, 34 . . -0,09
10, Acoeleration (Alt. 500 nmi, . t . . t * * t * * t . *
Em;x 85%)
Calibration
11. Orthogonality * t . L] 1 . * [ > * 4 L] .
12, Mislevel i 0.12 . M 0,12 * * 0.12 . hd 0,12 * *
4 13. Encoder Error ¢ * 190,02 * + 10,02 ¥ * |o0.02 * * {0,02 .
‘1 14, Collimation o Jou| ¢ » lonj e + oat] e e o] » | »
4 16. Instrumentation Alt, 500nmi, | * | t | ¢ 3 R A o |t e T I B .
E Ew 859
16, Folarixation . 0.30 * * j0.30] * . 0.3} * ¢ 10,300 ¢ .
+3,35

TOTAL ERROR +2,20 10,35 | 0,33 +0,07 {0,356 0,10 ~0,17 | 0,38} 0,07] -0,04{0.35| 0,07

o
=0, 04
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[ ] ] N
. . 0,48
. 0.8 | *
* o3| ¢
. . 0,87
* . ]
- L ] t
21,08 .
* o4 »
» L] »
* t t
. 011 ¢
+ 1.4
* * 10,02
* | Les) o
* 0.44 U
+ 1290 «
+1.08| 4,50 | 0,733
5 El/ = 88"
N s |B| N
0.04 . *+ 10,04
* « jo.08] *
» *® 0'02 *
0: 08 * * |o.08
0.01 | +0.2 » t
t * * t
* 20,18 | * .
0.03
*+ | -0,00] * .
. * f »
» * 1 *
* * 0'12 »
0.02 * * |0.02
. « |o.11|
* + |o.04| *
* * 10,30 o
43,36
0,07 to |0,35]|0.07)
=0, 04

. TABLE U4
. LOW-CAIN ANTENNA ARIMUTH ERRORS
g - wmmmTirror Azimuth Error fared)
B = lo Blas Krror - - < T
N = RM3 Nolse Error K1, =8* H, -1 K. 4 K. ~ 68 [ ]
: . Nollknbllﬁ.“uﬂdor 0,01 mrad a| ® N B Nlsl B N s ' s Bl N
Radio-Froquency Errors
1. Noise @0-dBBNRin1-kHa BW) | ¢ | * [0,38 || * j0,98|*] * |0,40 ) . [0,88 . * 14,0
l. Amplitude Unbalance (0.3 dB) L L I Y o o] o . . . . . D .
+ Fhase Bift (Pre: 8 Poati 209 ¢ | ¢ w o] o s | o] o . . . . . . .
Pmnuon Eirrore i )
4. Radome Refraction ] |oo0r * 10,08 s |00 . * o] v 0,80
8. Atmosphsric Propagation tioe | ] e | e ] o] N o« | o |y
8. Multipatk . . L » . L3 . . + » . t . . [3
Servo Errors
T, Lag (Alt. 800 nmi, E . 88 t]| o s | t] . LN ] ¢ | a0,09] ¢ o | w014 .
8. Blas ol 9 o s ¢ « | ] ¢ . . 1 . . ) .
Mechanical
9. Btructure and Foed t] o« | vt RN . t N * | o
10, Accelerstion (Alt, 800 ami, ot . t « et ¥ T B P
: Emlx 884 . .
Calibration
11, Orthogunality of t « |*] 1 | +|o01| + lo,0z| * * joan|
12. Mislevel . t «| o0 « | 0]0,00] o « |0.,08] » . 0.34] »
13. Encoder Error . * 10,03} * * |0.03] * * 0,03 * * 10,03 . * 10,03
14, Collimation +00,00f * {*jo01| * J+]o,01] * + |o,02] ¢ lo.a1] »
18, Instrumentation (Alt, 800 nmi, . t * * t * * t . * 1 . . 0. 44 .
By 859 | ‘ » »
16. Polarization RN ENEEE « | o 2] e + t . N t ]
TOTAL ERROR t 0,010,386 | tf0.01]0,39| ¢ 0.03) 0.80 | 20.08]}0.07] O, 88 | 20.14 [ 0,88 4.1
TABLF. C-8
LOW-GAIN ANTENNA ELEVATION ERRORS .
% ® f‘y"ﬁ:ﬂs‘“"rﬁ:ﬂ“‘ ‘ ‘ Flevation Error (mrad) .
N = "RMS Noise Error El,. =8° . El, = 25° . El, = 4B _El, =66% El. =85*
_:: fl‘{gpg:lghgnderommmd 8 N .8 ] B N STB IR | 5 BT N ST B | N
Radio-Frequency ‘Errors
1. Noise 20~dB SNR in 1-kHz BW) . + 10,35 * * 0.35 . * 10,38 * * 10,35 . . 0.35
2, Amplitnde Unbalance (0.3 dB) * * . » . " * . . . . . . » .
3, Phase Suift (Pre: B*; Post: 107 L] * » * * . . ] . . . . . . .
~ Propagation Errors )
4. Radome Refraction * * 0,07 * * 0.07 * . 0,07 * * 0.07 * he 0.07
6. Atmospheric Propagation +3, 0 * 10,32 | +0.8 * 0,08 |+0.4 * 10,02 0.3 * 10,01 |+0,2 * t
8. Multipath * * 10.68 * * 1t * . 1 he . t * . 4
Servo Errors
1. Lag (Alt. 500 nmi, E_ . 85°) * * * LA * t » | » 1 . v {2081 ¢ .
8, Bias * L 4 » » 1, * * 1t * * 4 * * 1t *
Mechanioal
9. Structure and Feed +0.04 * * [+0,04] * * 140,03] * * |+0,02( * b . he
10. Acceleration (Alt. 500 nmi, . t | | ¢}t LR I N LI A t s
Em.x 86%
Calibration
11, Orthogonality . t * . 1 » . t ] * t * * t .
12, . svel . 0.03 * * 0,03 * * 0.03 A + 10,03 * * 0,03 .
13, Encoder Error * * ]0.03 * . 0.03 4 * 10,03 * * 10,03 . + 0.03
14, Collimation . 0,17 * . 0,17 * * 10,17 d ¢ 10,17 . . 0.17 .
18, Instrumentation (Alt. 500 nmi, . t * ‘ t * . ¥ . * t * - 0.04 *
E 859
max
16. Polarization * + * * ] L L] 4 * - 1 * * 1 +
- Y
TOTAL ERROR +3.04 { 0.17 |0.82 {40,84 | 0,17 0,37 | +0,42{0,17 | 0,36 {+0.32 |0.17 | 0.36 -c.to31 0.18 | 0,386
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At first glance, the azimuth error at high elevation angles seems excessive,
However, most passes track at the lower elevation angles where the error is low
and, for those passes where elevation angle exceeds 70°, the duration of time that
the angle is above 70° is small compared to total pass duration, Thus, only a
small part of the azimuth angle data is degraded by error in excess of 1 mrad.
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C.4 THERMAL ERRORS

This analysis considers the error contribution of receiver thermal noise to angle
tracking for both the simultaneous lobing high-gain SGLS configuration and the
conical-scan low-gain configuration, In each case both coherent (phase-lock) and
correlation detection techniques are analyzed to obtain tracking error due to
thermal noise,

T ool o T e 3 i

To make the mathematics manageable and still obtain valid results for the specific :
SGLS System application, the analysis and equations utilized assume that: » -

‘ ; L e Redeived RF signals are of constant peak amplitude, with informa-
F’ 5 o tion contained in either frequency or phase modulation, =

o | e IF passban’ds are square (i, e., ignore rolloff).
@ Noise is white gaussian throughout the passband,

: ¢  Automatic gain control eliminates any variation of servo |
P ' .~ system gain with signal strength, =~ RN : -

Results are plotted on graphs showing rms angle error as a function of signal-to-
noise ratio in the tracking bandwidth for phase-lock tracking, and in the IF band-
width for correlation tracking,

C.4.1 High-Gain Configuration

‘Angle tracking by the high-gain SGILS configuration utilizes amplitude comparison ¥

simultaneous lobing techniques with selectable coherent or correlation detection -

modes available, Each of these detection modes will be analyzed in the following =

paragraphs, e
c-8
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g L 3
§ - AGC
‘ § i-; o Tatger ;
% ] Sum Coherent
§ Bormight < 0 Channal ;? Reference
i ue
;— s o Angulor %§ Detector
% _ Reference Product Coharent
£ : : Difference [ Detector | Reference
: e | Channel
| Error
| Signol
e | T of :
35 - e Servo Motor |
T GE Mechanicol Fliters,
= Linkage Amplifiers
SY - Figure C--8 Tracking Loop for Simultaneous Lobing (Coherent Detection)
; Coherent Detection
- Figure C-5 is a simplified block diagram of one channel of the tracking loop for the
’f _ coherent detection mode of operation and will represent the configuration for an-
== alysis. }Th‘e coherent reference is derived from a phase-locked loop tracking the
- , sum cha.nnél carrier, The angle tracking error of concern is the angle (6) between

the target angle referred to some arbitrary zero reference (6) and the boresight
angle (ebs) referred to the same zero reference, ‘

e
L&

il v

~ Relatiie Gelo A convenient expression (developed

- s e by Develet in Reference 1 but mod-

- . et v ified slightly to account for unequal

= s noise density in the sum and difference
E z - channels) for calculating the mean

T { square of the error can be applied

. - = L S gy t0 the SGLS system problem as

;f 55 Figure C~6 Typicai Amplitudes for Sum and follows:

: = Individual Lobe Patterns

prico [ WDL Division
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2 ®.B
et - T Mot e
o 2
o 2(dnc)p (In 2) (ln 10) [;ﬁl J (%)
where
’:u = mesn<square error in either azimuth or slevatice (nd')
'} = sum anteans beamm pattara (rad at the 8-4dB beamwidth

dl° = oroasover point, expressed in decibels down from the
maximurm point of the individual lobe pattern {aee Figure Q-6)

8 = ratio of swn paitarn 3~dB heamwidth to ndividual lobe pattern
3-dB heamwidth §

I, = Bessel fungtion, sero order

s, = the k¥ motulation index of the tnformation phnas or
) frequency modulation (rad)

& = difference ohanne! noise density » KT, (watts/Hs)
- By = sarvo nolse bandwidth (Hz) .
s = total recelved signal power on boresight (watts)

Equation (C.1) cah be rewritten in terms of carrier power, S o0’ from the relation

2 C.2
S, =[kt[1 Jo(q)k)]s | (C.2)

Equation (C. 2) indicates the power remaining in the carrier spectral componeht
after multiple subcarrier phase modulation, | |

Equation (C.1) then reduces to

2 592 %
Orms = o 2 S (C.3)
2(dB), 8 (ln 2)n 10) e
Table C-6 lists the values and reference sources of these parameters for the high-
gain configuration.

TABLE C-6
COHERENT DETECTION (HIGH-GQAIN CONFIGURATION)
Parameter Valus Source |
Multipurpose feed svecifications,
v 8. 6 mrad WDL-B8-151345A - 03 (Ref, 3)
Design Criteria for large multipurpose
dB 2,2dB tracking antenna, WDL-TR1368
¢ (Ret, 3)
Based on gaussian approximation for
8 1.4 the individual fsed slement patterns
(Fig. C-6)
B 2.6 Hy Estimated maximum bandwidth for
n i high-gain antenna
Section 3.3.1 of this report, on system
../ .d 0,418 noise tempsrature
C-10
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Sihoe it will be convenient to consider angle tracking error in terms of carrier-
to-noise ratio (C/N) in the sum channel phase-lock-loop (PLL) tracking bandwidth,
the following additional definition is required:

» ‘ <Q) = _EG. = .SEEL) . <£> (C.4)
N servo °dBn \ QdBn N PLL

where B, is the phase-lock tracking bandwidth and d’é is the noise density in the
sum channel (which also equals KTS). ‘

Note that the ratio @B/ ®, may be replaced in Equation (C.4) by T/ /T,
since @ =KT_ and &,=KT,, where K is Boltzmann's constant (.38 x 10”2
joule/°K), Td is the difference channel noise temperature (°K), and TS is the

3 W

sum channel noise temperature (°K),

Substitution of these values in Equation (C, 3) yields

P ' & |
3 2 — '5 d . _E.
Brps = 8:4%10 (—-%BJ . <Sc> (C.5)

TRl ey

where N/S_ is the noise-to-carrier ratio in the sum channel phase-lock-loop
bandwidth, Figure C-7 is a graph of Equation (C.5) for a range of signal-to-noise
ratios measured in the two available phase-lock-loop bandwidths.

For a multiple-axis antenna system the above result is valid only when the antenna
boresight is orthogonal to the axis under consideration, Thus for an az-el antenna
it is true only for zero elevation angle. At elevations other than zero, the rms
azimuth error must be modified by the secan: of the elevation angle as follows:

Azimuth rms angle tracking error = Grms secant 2D (C.6)
where
fpmg — TYmS angle tracking error at zero degrees elevation
P = elevation angle (deg)

C-11
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Figure c;7 Carrier-to-Noise Ravio v Rme Angle Error
(High-Gain Antenna ~ Coherent Detection)

A curve of rms Azimuth error versus antenna elevation angle is given in Figure
C-8 for the case where SNR =20 dB in 1000 Hz tracking bandwidth,

. 9_50'

L
»
9,40
[ SNR < 20 dB in 1-kHz Bandwidth
'-g L
E 2,30
PO
. -
2 b
£ 00
] .2
i
L
0.10 —
[ /
N Sy
0111 T T WY W I T S T T S N | Lod ol I D W W S N W T S Y
g 10 0 0 40 50 &0 7 80 9
Antenna Elevation Angle (deg)
Figure C-8 Raceiver rms Noise Error vs Antenna Elavation Angle (High-Gain Antenna)
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Croascorrelation Detsction

When tracking is in the crosscorrelation mode using the tracking configuration of
Figure C~9, the angle error due to thermal noise can be calculated from the fol-
lowing expression (Reference 1):

2 & BW % B
I (-2 (8
2(d.'B°) % (In2) (In 10)

where BWIF is the intermediate frequency noise bandwidth in hertz,

Note that the expression for angle error in the crosscorrelation mode » Equation

- (C.7T),is similar to the error expression of the coherent mode, Eq!iation- (C.L),
except that noise in the sum channel as well as the difference channel enters into
the equation, total signal power is now of concern, and the signal-to-noise ratio
is defined in the IF bandwidth, :

AGC
Sum
Boresight Channel! .
l . Product Datector

0% Angulur

Reference
' |
| Difference
| Channel Error Signal
|
! ‘
| Az or El .
I, Servo Motor | |
Mechanical Filters,
Linkage Amplifiers ]

Figure C-9 Tracking Loop for Simultaneous Lobing (Correlstion Detection)
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TARLK -7 Table C-~7 lists the values and reference
. {'ll{{ﬁ&’!F}!i_likA.:!‘.l‘\;\ll_“-IJ)E‘!?I("I"IQQmllill-(iMN (‘llNl‘l(j!_‘l\}ll()N
L avameter f - Value - S sourcea of the parameters for the high-
v 0,1 mead WOL-tr- LBLAANN (Ref, 2, page 36)
an, 24 dn WOL-TRUIN (1o, 1, pi, 3-14) gain configuration when operating in the
i b et oo sloment matterne (. 0-0 | @roSScorrelation mode., (Note that
. Al kit QRARE speeificntion, WDL-t B=1ixi0A
" 4 M (hel, 4, page 12) values for ¥, dBc » B, 9, and B
o Entimated maxhnim bandw irith for highe
n st yain antenmi are independent of detection mode and
P 0, AN varagraph d, i, 1 of this report, on system
L ' ol iomperature J are repeated in the table for convenience.

- Substituion of these values into thation (C.7) yields

2 =6 ANV N __d .

where N/S is the noise-to-signal ratio in the IF bandwidth ‘BWIF (sum channel),
Figure C-10 is a graph of Equation (C. 8) for the three available IF bandwidths of

0.5, 3, and 35 MHz, Modification of Equation (C.8) by the secant of the elevation Pl
angle as in Equation (C.6) gives the azimuth angle error in terms of elevation angle,

. 40—
30 —_—\
g K ' 0.5-MHz BW
ad -
Z2 E
- = ‘ .
§ 20 = ~J
; : \
10~
- ] 3-MHz BW \
- 35-MHz BW
; ot TR R T B T | el 1 ]
0.0001 0,001 0.01 0.04
rms Angle Error (at Herizon for Azimuth Error)(mrad)
Figure C~10 IF Bandwidth SNR vs Rms Angle Error (High-Gain Antenna - Correlation Detection)
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C.4.2 Low-Gain Configuration

.. The low-gain configuration employs the conical scanning technique and, as in the

- high-guain configuration, both coherent and crosscorrelation detection modes are
available, Figure C-11 is a simplified block diagram of the conical-scan angle

tracking system, In the following paragraphs the rms error due to thermal noise |

is determined for each detection mode.
AGC
. ‘l Aztmuth

Elevation

Boresight

o° Angular
Reference

Square Law
or Coherant
Detector

. Servo Motor
' S —— [T fetnd
/ Mechanical Linkage Amplifiers |

. Servo Motor
Mechanical Linkage m’;,’,',m

Figure C—11 Tracking Loop for Conical Scan Angle Tracking

Coherent Detection

The mean-square angle error due to noise is calculated from the following expres-

sion (Develet, Reference 1):

2 $ B
62 = Sg ‘-ng—'n- mcl2 (C.9)

rms ' ' 2
@B) (ln 2) (In 10)
2 Lﬁl Jo(¢k)]

o
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where
¢, = noise density = K’I‘s
o = 3dB beamwidth of the antenna beam

See Paragraph C.1 for definition of other terms.,

Equation (C.9) can be simplified using Equation (C.2) to become

rms (dB% (n 2) @n 10) 8, <
Table C-8 lists the values and reference sources for the low~gain configuration
parameters.
TARBLE C-8
As in Paragraph C.4.1, under COHERENT DETECTION (LOW-GAIN CONFIGURATION)
" " Parameter Value Source 7
Coherent Detection, " it will be con~- o 0,04 tad | WDL-CP-161761 (Ref, )
venient to plot the error versus dBc 1,13 dB WDL-CP-161761 (Rof, 5)
7 B 3.2 Haz Estimated maximum
carrier-to-noise ratio in the phase- n bandwidth
lock-loop tracking bandwidth.
| s (B
Q. - —_— = _.t.. .Q C 11
N 2B \B J\N (€.11)
servo nn n PLL
Equation (C.10) becomes, after substitution,
o - 12ax10 < (C.12)
rms * BtS c '

where N/Sc is the noise-~to-carrier ratio in the phase-lock tracking bandwidth.
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Figure C-12 presents a
plot of Equation (C.12) for
tracking bandwidths of
200 and 1000 Hz, Equa-
tion (C.12) is modified by
Equation (C.6) for azi-
muth error at elevation
angles above zero degrees
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: Figure C—12 Carrier-to-Noise Ratio vs Rms Angle Error error versus antenna
R (Low-Gain Antenna - Coherent Detection)

elevation angle for a
T SNR of 20 dB in a 1000-Hz
£ o tracking bandwidth,

Square Law Detection

The SGLS wideband tracking mode for conical-scan tracking utilizes square
law detection to demodulate the amplitude-modulated error signal. The mean-
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square angle error due to noise is caloulated from the following expression:

2 & BW.\ /2 B
2 50 wBVIr) [ 2aB0 2
®rms ~ @B} (m 2) (n 10) (1 * =2 )( 5, > rad (C.13)

To obtain a plot of error versus signal-to=noise ratio in the IF bandwidth
requires Equation (C.13) to be modified in the same manner as Equation (C.8).
When this is done, the following results: :

2 B
O — 1 iN)_n N .2
brms * (@B) @n 2) (n 10) (1 *2 5> BWp S rad (C.14)

Substituting the values in Table C-8 into Equation (C.14) yields the following:

2 (C. 18)

2 . =2 41N} N
] = 1,2¢x 10 <1+2S>BWIFS rad

where N/S is the noise-to-signal ratio in the IF bandwidth.

Figure C-14 presents a plot of Equation (C. 15) for IF bandwidths of 500 kHz,
3 MHz, and 35 MHz, Equation (C.15) is likewise modified by the secant effect
for azimuth error at elevation angles above zero degrees.
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Figure C~14 |F Bandwidth SNR vs Rms Angle Error (Low-Gain Antenna - Square Law Detection)

C-18

[PrHILCO | CFoid

FAILEO 1 R0 CORPOHATION

WDL Division

B




WDL-TR3237-1
Volume I, Part 2

Wit LB SR .

| C.4.3 Angle Tracking Error Due to Phase Shift and Amplitude Unbalance

The effects of phase shift and gain variations on tracking accuraocy of the high~gain
antenna are treated in Appendix D, The results of this investigation applied to
the SGLS are summarized in Table C-9.

TABLE C-9
SUMMARY OF ANGLE TRACKING ERRORS DUE TO PHASE SHIFT
AND AMPLITUDE UNBALANCE (HIGH=GAIN ANTENNA)
Results
Chango In
L Pavameter § L Anglotrack Errvor n
Parameter Valuo Source  FiRarosight Shifty | Berer
{mrad) By
o i s
Precomparator 5 &}):. ?,'::_' *
Phase Shift IHLSAGA-0 10,045 mrad peak 0.1 R
N
, X (RARE 10,02 mrad rms !
Postecamparatoy nee ‘phavse ndjust
Phivae 8hift virouitey
Precomparator 10,10 mrad peak
Amplitwle 0, 4an Eatinuite N/A
tnhatance 10,068 mrad rms
Posteomparatoy é’:t'?lm
1"Amplitude 1, 0dn \\"Dl .-(‘p. N/A 1 dn
mbalance wm“m)\

4, - Tracking errors due to phase shift and gain variations in the azimuth axis
P increase with the secant of the elevation angle. Figure C-15 is a plot of these
.. errors versus elevation angle.

T 0.50

0.2
E < 0.10 / 4
B Amplitude Unbalance /
P ‘ 1
o Phate Shife "]
0 1
0 10 0 ) 40 50 80 70 )

Antenna Elevation Angla (deg)

Figure C—~16 Phase Shift and Amplitude Unbelance Tracking Errors (Azimuth Axis) vs Elavation Angle
{High~Gain Antenna)
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C.5 PROPAGATION ERRORS

C.5.1 The Atmosphere and Its Effect on Propagation

In the atmosphere, the regions that influence and affect radio wave propagation ‘
are the troposphere and the ionosphere. The major effects produced by the pas- %
sage of waves through these regions appear as angular refraction, time delays,
doppler errors, polarization rotations, attenuation, and reflections,

The ionosphere and the troposphere exhibit both long-term and short-term varia-
tions with time (rregularities). Because of these variations, propagation efforts
cannot be predicted exactly. In addition, the variations of the atmospheric condi~-
tions with altitude are known only approximately, especially in the case of the
ionosphere.

The atmosphere is generally considered (at least for purposes of calculation) to

be spherically stratified. The assumptions of layer boundaries differ, although

the effects of the differences are slight. The density of the atmosphere decreases
more or less exponentlally with height, so that at a height of 35 nmi (nautical miles)
the density is only about 10'4 that at the earth's surface. Essentially all of the
water vapor and precipitation occurs below 6 nmi, The propagation effects
resulting from molecular or larger particles can be considered to occur below

35 nmi. Ionization of the atmosphere occurs above this height, resulting in a
sufficiently large density of free electrons to seriously affect radio waves. Con-
sequently, it is convenient to divide the atmosphere into two parts: the troposphere,
defined as extending from the ground up to 35 nmi, and the ionosphere, extending
on up from there (Reference 6). Millman (Reference 7) makes the assumptions

that (1) the troposphere extends to approximately 100,000 ft (16,5 nmi) with
refractivé index decreasing uniformly with height; (2) the ionosphere lies between
85 to 1000 km (@bout 45 to 550 nmi) with a minimum refractive index at the level

of maximum electron density; and (3) free space or a region of unity refractive
index prevails between the tropospheric and ionospheric regions,
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The regular troposphere affects the transmission of radio waves chiefly through
refraction. In general, the apparent elevation angle of a distant target or source
is greater than the true angle, hecause the average refractive index of the tropo-
sphere decreases with increasing height. The average magnitude of the angular
correction depends upon the air mass through which the signal passes, the mag-
nitude decreasing with increasing geographic latitude. The refraction at radio
frequencies is due mainly to water vapor and is substantially independent of
frequency below about 15 GHz.

The x-ray and ultraviolet radiation from the sun is selectively absorbed by
molecular constituents of the upper atmosphere to produce ionization and
dissociation of the molecules. Because of the selective absorption of the partic-
ular constituents, the ionization is concentrated in certain layers. These
layers and their average heights are: (1) the D layer at about 46 nmi, (2) the E
layer at about 58 nmi, (3) the Fy layer at about 100 nmi, and (4) the F2 layer at
about 150 nmi. The F, layer is more intense that any other, and is responsible
for about 90 percent of ionospheric refraction deviation for signal sources

above 150 nmi (Reference 6).

The ionosphere can cause total reflection at lower radio frequencies (HF), but. it
contributes only slightly to the total atmospheric bending at S-band.

c-21

PHILCO <’ E

PHILCO - FOARD CORPOHATION

WDL Division




WDL-TR3227-1
Volume I, Part 2

Targer

Angle Deviations

Apparen! Direct .
A typical ray-path trajectory of o ’ﬂ‘/

n - Refractive

radio waves traversing the index
atmosphere in a vertical plane

is shown in Figure C-16 (Refer-
ence 6). From considerations of nel

path geometry, based on various
assumptions, many equations -
giving angular refraction can be
derived. Several such equations

Free Space

T~

Traposphere

- have heen derived, varying in

degree of complexity and accuracy sl
(References 6, 7, 8 and 9).

-
~ __Hotlzon

~,

Earth \\
Smyth Research Associates Figure C-16  Typical Ray-Path Trajectory
investigated 3 years of data ob-
tained from at least daily radio-
sonde ascents, at several northern
stations, and found the data distributions to be very nearly normal Reference 10),
This information was then presented statistically by tabulations of median values
and standard deviations. Figure C-17 shows the maximum and minimum means
for Fairbanks, Alaska, over the 3-year period, based on the arbitrary assumptio.
that the top of the troposphere is at 300, 000 ft.

Continual changes in the physical structure of the troposphere cause the instan-
taneous ray path to deviate about its mean position. Fluctuations about the
mean are about 0.2 mrad at 5° elevation, decreasing to about 0.005 mrad at the
vertical (Reference 9). The mean period of the fluctuations is of the order of
seconds (Reference 11)., It should be noted that the refraction errors are the
same throughout the VHF and UHF bands, and up to about 30 GHz.
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R
; H Oy Average Maximum Over 3 Years = Pairbanks
» 0l Reference 10
- O—vm =g Average Minimum Over 3 Years - Falrbanks
v -~ OF
i i g 1
£ : L
Lo £
800
oL Y nb Note: Betwaen 0.1 and 30 GHz,
this refraction error is
. Independent of frequency.
§ ' 10k
0
E 0 1 2 3 4 5 é 7 8 9
f = Angular Errors (mrad)
Figure C—17 Tropospheric Refraction Error for A Standard Atmosphere
: All Year average for five locutions
oI _ Results of a study on the use of surface
refractivity to predict tropospheric _ oz}

.. refractive error are shown in Figure E

: C-18. ﬁ
Z (N1 8

The ionospheric angular error is in-
versely proportional to the frequency N

.- o 5 10 15 2 25 0 35 & 4
Lo squared. The angular error is maxi- Elevation Angle (deg)
., - mum in the Vicmity of the maximum Figure C~18 Total rms Error in the Prgdicted Fraction

. ionization. Millman (Reference 7) at 2-GHz :

has presented several curves of ionospheric refraction errors as a function of
target height ¢o 550 nmi) for typical daytime and nighttime electron density
distributions, Figure C-19 shows these errors as a function of elevation angle
for a target at a height of 540 nmi. : '
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% 70 [
3 CURVES: A Caleulated, for Day=Time Distribution }R f 2
£ B Caleulated, for Night=Time Dlstribution/ "t erence
g € Maximum Hourly Mean, Year 1957, Fairbanks Sunipot
S 40 ' D Minimum Hourly Maen,' Yeor 1957,' Pairbanks }R."“" lO}Mcalmum
i E  Maximum Hourly Mean, Year 1954, Fairbanks Suniper
‘: 3 I l : 1\\ F Minimum Hourly Moen,' Year 1954, Falrbanks h"‘"““ lc‘}Mlnlmum
K] %0 l : \\ Note: Because of trepospheric refraction, lonospheric elevation
; 3 I ! \ angle of about 10° corresponds to @ ground elevation angle
5 | '\| \ of 92, (See Figure C-14)
B \
b
\i
o | W
§ op ||
l A\
\
3 1

20 HACE

)
-
I

\‘~
~
-y

10 . 4 N .__L:a
{ 0.4 GHz -~—) 0.1 0.2 0.3 0.4 0.5
(2GHz —e) 0,004 0.008 0.012 0.014 0.020
(8 GHz ~—) 0,00025 0,0005 0.00075 0.0010 0.00125
Angulor Errors (mrad) .
Figure C-18 lonospheric Refraction Errors
Conclusions

As Figure C-19 indicates, the error due to ionospheric refraction is insignificant
at S-band and will therefore be ignored. Tropospheric refractive errors, how-
ever, are significant at elevation angles below 20° and must be considered. Since
these errors are predictable with an uncertainty of about 10%, they are regarded
in this analysis as systematic errors with a noise component. The systematic
error is determined from the curve in Figure C-17, and the noise error is
determined from Figure C-18.

C.5.2 Angle Tracking Errors Caused by Multipath at 5° Elevation Angle

The angle tracking errors incurred in the SCF antenna tracking systems duc to
multipath are, in general, complex functions of pointing direction, the surround-
ing terrain and its moisture content, obstructions, the individual antenna pat-
terns and polarization, signal polarization, etc.
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For this report multipath errors are considered to be caused by ground reflections
from an assumed "level" earth surrounding the antenna site. Ground reflections
cause an amplitude and phase unbalance in the conical-scan beam or monopulse
beams, which in turn can result in an angular error between the apparent and true
boresight directions,

At an antenna elevation angle of 5°, the energy available as interference is the
energy entering the antenna pattern at an angle 10" off boresight. All of this
energy, however, does not necessarily cause interference. Some of the energy
is lost due to absorption in the ground, generally as a function of moisture con-
tent, and a certain amount is effectively lost due to polarization change at the
point of reflection. (The SCF systems of concern employ circular polarization. )

The value of ground reflection loss due to absorption is a complex function of the
dielectric constant and conductivity of the earth, the frequency, the plane of
polarization, and the angle of incidence. The ground constants depend primarily
on the type of terrain and its chemical composition, i.e., salinity and moisture
content, etc, A conservative value of ground reflection loss of 5 dB is assumed
in this analysis.

An estimate of the boresight shift due to multipath can be obtained following the
procedure outlined in Reference 12, Boresight error is taken as approximately:

E
Boresight (elevation) error = 1,85 ;-Elg X half powezé beamwidth
d

where IEr |/ |Ed| is the reflected-wave to direct-wave voltage ratio after
modification by the antenna pattern. The reflected wave will be assumed to be
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attenuated 5 dB by losses in the earth, and further attenuated by the antenna
& response to signals 10° off the axis of the main beam.

N The 10° response of the high-gain antenna is near -40 dB, and the value of
‘Erl/ |E dl will be -45 dB., With 0, 55° beamwidth, the elevation error for the high-
gain antenna is estimated to be 0,048 mrad.

The 10° response of the low-gain antenna is near -30 dB, so the value to |Er| / |Ed| \ ' 1
will be =35 dB. With 2.3° beamwidth, the elevation error for the low-gain o ;
antenna is estimated to be 0.66 mrad.

C.5.3 Radome Refraction

High-Gain Antenna

The high-gain (TT&C) antenna is equipped with an ESSCO Model M110-86 Metal
Space Frame Radome. This radome consists of 620 reinforced fibrous glass
panels, with radial metal flanges, bolted together and attached to a 75.5-ft-
diameter base ring. The completed assembly is a 110-ft truncated sphere rising
approximately 95 ft above the base ring., Additional features of interest include

0.7 <

windows for boresight and
safety hardware such as 0.6 I\
lightning rods and aircraft \
warning lights mounted on '

g lig ! \

(=]
U
W

the apex. .}2 0.4
il \\
%, 0.3
The specified (Reference 3 N
13) boresight shift perfor- 0.2 P
mance is shown in Figure -
C-20. No experimental > |
data have been collected in ) WP U I . L . L . e
0.t 0.3 0.5 0.7 0.9 2 4 & 8 10 12
the SCF; however, Refer- b Seae e I S—
ences 14 and 15 state that Frequency (GHz)
for this radome, rms errors Figure C—20 Allowsble Radome Boresight Shift (High-Gain Antanna)
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on the order of 0. 05 mrad in both azimuth and elevation are normal for the 2-GHz
region with maximum errors of 0,1 mrad. The rms error was used In the angle
tracking error analysis for the high-gain TT&C antenna,

Since lightning rods and warning lights are attached at the apex of the radome,
they will generally be in the tracking "keyhole'" and errors attributed to them may
be neglected. It can be expected, however, that maximum errors as great as
0.2 mrad may be experienced in areas where boresight windows are attached.

Low-Gain Antenna

The low-gain Prelort antenna is equipped with an Air Force Nomenclature CW-
531/GP radome manufactured by Long Sault Woodcraft. The radome is a rigid
urethane foam structure mounted on a 22-ft base ring. The complete assembly
is a 26, 5-ft truncated sphere rising 20, 5 ft above the base ring,

The specified (Reference 5) boresight shift in the 2-GHz region is 0. 22 mrad.
Results of tests on this radome conducted by the National Research Council of
L Canada indicate an rms error of 0.07 mrad with maximum shift exclusive of
i  attach structures of 0.22 mrad. The rms error was used in the angle tracking : 3
) error analysis.

Again, the errors attrihuted to lightning rods and warning lights may be neglected :
since they are in the tracking keyhole. However, errcrs as great as 0.53 mrad ‘
were reported in the vicinity of radome windows. "
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C.6 SERVO ERRORS
C.G.1 BServo lLag

Servo lag is the term applied to the angle tracking error incurred due to the
characteristics of the servo system when tracking a moving vehicle. The azi-
muth and elevation servo loops are both type 2 servos which suffer a steady
state loop error due to vehicle acceleration but, theoretically, not to a steady
vehicle velocity.

[}

Tracking error is calculated from the equation:

- gn_gdarﬁacceleration

. Servo lag trdcldng error
. ‘ o

3
1y

where K, 'iéif;the loop acceleration error constant. The required antenna accel -
‘eration in each‘.-géds is determined by the orbit of the vehicle being tracked. Low-
altitude orbitsfp‘éigsmg close to the zenith place the most stringent tracking
requirements on_,,‘iﬁhe‘ antenna servo, Calculation of servo lag error requires that
the azimuth andaélew)aﬁon accelerations be determined for typical satellite orbits.
The required datb, are now developed in general terms based on the geometry of
the vehicle -to-traclqng antenna, relationship.

Basic Tracking Equations

Equations for the servo requirements of an az-el antenna that is tracking a satel-~
lite are quite complex. Some parameters that affect the final relationship are
the orbit eccentricity, vehicle height above the earth, rotation of the earth, and
the position of the antenna on the earth. For this report, a first order approxi-
mation will be used to determine error. The geometry of the problem is illus-
trated in Figure C-21.
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ASSUMPTIONS

A = Constant
R Constant
w » Constant
vy 0

Orhital Plane
/— Spacecraft Orbit

S Earth's Surface

DEFINITION OF TERMS

distance from the earth’s center (0) to tha spacecraft (8)

radius of the earth

canter of the earth

center of tracking device

angle subtended by a line (00°) from the sarth's center

through tha tracking device and a line {0S) from the

earth’s center through the spacacraft

minimum value of ¢ attained for a given trajectory (for Uy = 0)
angle subtended by a line (00') from the earth's center through
the tracking device and a line (0'S) from the tracking device
thraugh the spacecraft

azimutha! bearing of the spacecraft from the tracking device
angular velocity with which tha spacecraft travels about the earth
time (t = O when the spacecraft reaches ungle ¥}

slant range from the tracker to the spacecraft

sarth’s angular velocity

plane that is perpendicular to the line 00’ and its extension
(the local zenith of the tracking device) at point G and that
intersects line OS at point S

a point on a line that is intersected by the orbital plane and
the plane FGS; F also lies on line 0S when § is a minimum

a point on line 00’ and its extension that is intersacted by
plane FGS

Figure c-21 Geometry of Vehicle-to-Tracking-Antenna Relationship
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From the definitions in Figure C-21 and the geometry of the problem the follow~

%-» ing equations are derived (Reference 8):
; -1 ftanwt
0= tan" (ZRo- (C.16a)
. wsin y
6= — (C. 16b)
enin2 ¥o ooszwt + s:in2 wt :
2 2
.. =2w sin Yo (1=-8in"y o) (sinwt cos wt)
6= .16
(sin2 Yo cosfwt + ﬁinz wt)2 (C.16c)
' 1/2
‘ 1- 0052 wo co2 wt /
_ aw=l]A
¢ = gin 3 3 (C.16d)
R +A" -2RA coszpo cos wt
— , . wcos Y _sinwt 2 _.2
9= o — 1+ A -R (C. 16e)
2\/1 —cosz Yo coszwt A2 +R2 - 2AR cos z,'zo coswt
w 2 cos Y 2 2
= o 1+ A" -R
2 \/(1 - cos? Yo coszwt) A% +R%-2 AR cos ¥, coswt
r sin2 wt coas2 P o
» Jovswt |1 -
1- coszzpo cos? wt
. - |2AR cos y, sin’ wt A -R (C. 16f) ‘
: L (A2 -+ Rz ~ 2AR cos qpo cos wt)2 -
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High-Gain Antenna Performanoce

The high-gain antenna performance is as follows:

a. Maximum azimuth tracking velooity is 15 deg/sec
b. Maximum azimuth tracking acceleration is 5 deg/tsec2
o. Acceleration error constant (Kg) =5 seo-2

Utllizing the equations for acceleration [Eqs. (C.16)] and the acceleration error
constant of & sec'z. ocurves have been prepared showing ahsolute values of track-
ing error (servo lag) versus time and, for one case, versus elevation angle, for
satellite orbits with given altitude and maximum elevation angle relative to the
tracking antenna. (See Figures C-22 through C-29.)

Examination of the azimuth error curves shows that, for a given altitude, the
error increases a.s.the maximum elevation angle increases. That is, the over-
head passes produce the greatest error. It can be seen that the error is zero at
zero time, increasing rapidly to a maximum and then decreasing. This, of
course, is due to the acceleration characteristics in the azimuth axis. Att=0
the acceleration passes through zero as itbchanges to deceleration. The plot of
error versus time for nositive and negative values of time would produce an odd
function about zero. Plots here are for positive time only and for absolute values
of error.

All plots are for high maximum elevation angles since the error is greatest for
these cases. Further, maximum tolerable azimuth error is taken as 0.27°.,
This value is selaected as maximum allowable tracking error and is based on the
antenna beamwidth of 0.55°. Thus, the assumed maximum tracking error defines
minimum vehicle altitudes for a given pass. For example, for a maximum eleva-
tion angle of about 80° the minimum trackable altitude will be 131 nmi, as indi-

cated by Figure C-22,

-

Elevation error curves are presented for the same orbits assumed for the
azimuth error plots. Elevation error is maximum at zero time and decreases
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with time. Note that the mam{ude of the elevation error is in general much less
than that for the azimuth axis,

Servo lag is not the only limitation on tracking. Tracking velocity must also be
oonsidered but only in the sense that the velocity is within the limitations of the

tracking antenna.

Maximum angular antenna veloocity occurs in both azimuth and elevation as the
vehicle passes closest to the zenith, i.e., at the time of maximum elevation,
This maximum elevation angle for the orbit considered 131 nmi altitude) is about
83° for the azimuth velocity to reach its limiting level of 15 deg/sec.

Thus in this particular case, a tracking limitation due to angular acceleration~
incurred servo lag is of more significance than maximum angular velocity since,
as Figure C-22 indicates, a servo lag azimuth error of 0.5° would ocour at 83°

elevation, possibly causing tracking to cease.

Low-Gain Antenna Performance

The low-~gain antenna performance characteristics are:

e Maximum azimuth tracking velocity of 15 deg/sec
e Maximum azimuth tracking acceleration of 5 deg/sec
® Acceleration error constant K,) = 40/sec2

Curves of absolute azimuth and elevation error have been prepared in the same
manner as that for the high-gain antenna. These are shown in Figures C-30
through C-35. The error is considerably less due to the high acceleration error

constant in this case.

The overall tracking capability of the low-gain antenna is superior to the high-gain
antenna due to the higher K, and a larger antenna beamwidth, Although the
specified maximum azimuth velocity is the same as for the high gain, it is found
that the capability exceeds the specified value to a considerable degree enabling
this antenna to track low-altitude vehicles that pass high over head.
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C.6.2 Servo Bias Error

The gervo systems being considered are classified as type 2 which implies that
in order to produce a steady output offset a steady signal must be inserted prior
to the first integration following the error detection.

It is possible that a bias error may be introduced between the detection or de-
modulation stage and the first integrator. It is diffucult to estimate this bias,
but it would probably follow the usual form of variation attributable to dc opera-
tional amplifiers, which exhibit a variation as a function of ambient temperature
and a slow drift with time due to aging of components. This bias may be as high
as 0.2 mrad per day. This form of drift tends to continue at approximately the |
same rate. Thus, for a 20-minute pass the variation between pre-~ and post-pass
boresighting would be 0. 003 mrad, which is negligible. If the pre- and post-pass
boresight errors are either adjusted out or measured and inserted into the data
i‘eduction, this error becomes zero along with similar bias errors.

The specification covering the SGLS receiver allows an output offset of 60 mV
which corresponds to 0.1 mrad (WDL-CP-168946, Paragraph 3.1.1.1,2.8). An
rms error of 0.03 mrad will be assumed for the high-gain antenna (simultanecus
lobing configuration) and negligible error for the low-gain antenna (conical-scan

_ configuration). The receiver error contribution does not apply for the conical-
o scan configuration since the error signal is in the form of a 30-Hz sine wave.

=

£

—

e

=

Cc-37

rrico [ ‘ WDL Division

PHILCO -+ R0 CORPDRATION




Bl
Bl
o

s AT

WDL-TR3227~1
Volume I, Part 2

C.7" MECHANICAL ERRORS

Mechanical errors are those due to deformations of the total antenna structure.
They may be caused by:

e Gravitational and acceleration effects
e Climatic effects (wind, ice, temperature, eto)
e Manufacturing tolerances and installation alignment errors

Manufacturing tolerances and installation alignment errors may be controlled by
system calibration. Further, climatic effects are controlled by enclosing the
antenna system in a radome. Therefore, the only mechanical error sources which -

must be considered in the analysis are the effects of gravity and acceleration on .
the antenna. structure. '

C.7.1 Stractural Effects - )

The analysis of tracking errors due to the antenna structure considers first the
effect of a large mass (the dish) supported by & flexible member (the dish support).
‘The error (dish sag) results from the angular deflection between the axis of the |
antenna and the encoder output. The effect is only evidenced in elevation, being
‘maximum a,\tfi;he horizon and zero at zenith. Since the error introduced by dish

sag is systematic in nature, the sense of the error is taken as positive in accord-
ance with the convention established in Paragraph C.2.

The second error under cousideration
is due to feed sag. The model is a rigid ' g
dish which has its feed moved a small

Satellite

=g Axit of Parabol
amount (6) from the focus, perpendicular ~
. T f - focal distgnce = 25 ft
to the axis of the parabola. This model Foed o083~ arer
(Figure C-36) is approximate since it feed 129
employs only simple geometrical Figure C-36  Tracking Error Due to Feed Sag
optics. {Simplified Model)
Cc-38

PHILCO ] e

BREILLO T ORD GORSOHIAHON

WDOL Division




WDL-TR38227-1
Volume I, Part 2

High-Ga.ln Antenna

A detailed computer analysis of dish sag eifect was performed. The analysis was
based upon a well-proved structural deflaction program written for a large digital
computer, The axis deflection of the parabolic dish was computed assuming a
rigid feed structure and using the scale weight of the multipurpose feed. The
deflection was found to be 0.8 mrad, with a corresponding RF beam droop of

0.3 mrad.

The feed sag of the multipurpose feed was carefully measured by optical means
when it was installed on the Vandenberg Tracking Station (VTS) arntenna in April
1966, The repeatable measurement between '"normal" and ""plunged" positions was
found to be 0, 8 in, (i e., 0.4 in. deflection), For small deflections the apparent
raising of the beam at horizon is given to a first approximation by (Reference 18).

- deflection _
Angle error = 0,8 focal length 1,1 mrad

When combined, the dish sag effect (positive error) and the feed sag effect
(negative error) yield an apparent raising of the beam by 0,8 mrad, This error
is a function of the elevation angle and is given approximately by

€= ¢ cos
o

where ¢ is the angle error at elevation angle ¢, and € o is the angle error at
zero elevation angle (eg= 0. 8 mrad).

|

Measurements on the low-gain antenna at Operating Location Five (OL-5) indicate
that the apparent elevation boresight angle is 3°13'38", whereas by optical bore-
sighting the angle is found to be 3°13'28'" (Reference 17). Based on these measure-
ments, the angle error due to structural effects is assumed to be 0. 04 mrad (10 sec).
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C.7.2 Error Due to Antenna s S T T I A K
E icoeleration | et e e o "
) —~ Ci 1000 wai Orbln Monimum Havalien Angle, w.u'__m
i - E N )
£ Antenna accelerations in azi- ¥ - g L o §
E 2.0 e . v ot 1 e s e it
muth and elevation, while the & [~ §
system is tracking the vehicle, g E-- A SER i
will deflect the antenna struc~ B E‘*
ture, causing tracking error, 3 " .’ “
|
The effect will have the great- .. mr\ "
est impact at the feed. This A ama—
is especially true of the high- 0 L’“.*","‘,“‘,"‘r
Time (e}

galn antenna because of the
relatively high mass of the
multipurpose feed.

Figure C--37 Tracking Error Due to Azimuth Acceleration
{High-Gain Antenna)

To a first approximatioxi the

feed deflection can be acsumed to be directly proportional to the tangential accel-
eration, where the tangential acceleration is merely the product of the angular
acceleration and the moment arm. The moment arm, in this instance, ig the dist-
| ance from the feed to the axis of rotation measured along the axis of the dish and is
é.pproximately 40 ft for the high-gain antenna, Since the acceleration of gravity (1 g)
resulted in a feed deflection or sag of 1.1 mrad (as derived in previous section),

. the deflections associated with
“_\ T I [ ’ [ 20 the angular accelerations ex-

b . .

— N A:  131-nmi Orbit: Maximum Elevation Angle, 837 perienced 1n traOking lOW
o 0.4 8:  500-nmi Orbit: Maximum Elevation Angle, 88,250 49.6 .
\§ :_ \ o 1000+nmi Orbit: Mmiimum El.vg'lon Angl.', u9.15° ;. altltude VehicleS can be
'§’ - x~
£ N [ i -
§ o " sy F"'E"'“e'n v 7.2 T estimated, Angular acceler

—— um Elevation .
1 F Anale, 855~ z ations were computed for var-
d 0.2 N . <0,00! mrad foroll —f4,8 "o
T E \ times) j ious orbits in Paragraph C.6.1,
g N .
] — ‘ 2.4 Servo Lag. These and the

[ A T

- 1 T\:\’ L \1-1\"\&- corresponding feed deflections,

i i I L 1 . i N L i N |
% ‘ 78 are plotted in Figures C-37
Time {(sec) :
e and C-38 for the high-gain
Figure C—~38 Tracking Error Due to Elevation Accoleration
{High-Gain Antenna) antenna,
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Deflection of the antenna structure for the low-gain antenna will be considerably
less beoause of the lighter feed and shorter moment arm, This is borne out by a
comparison of the feed deflections for the two antennas under static conditions; for
o the high~gain antenna the feed sag was 1.1 mrad; for the low~gain, 0,056 mrad.

‘o The ratio 1.1 to 0,08 indicates that feed deflections due to acceleration for the

T low-gain antenna are a factor of 20 less than those for the high-gain antenna,

i Referring io Figure C-37, the latter is approximately 0,06 mrad; the correapond-
. ing feed deflection of the low-gain antenna is less than 0,008 rrad.
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- C.8 CALIBRATION ERROR

C.8.1 Mislevel and Orthogonality

Errors due to mislevel ocour whtn the vertical axis does not coincide with the local
vertical, An error in orthogonality is a departure from the desired right angle
relationship between the antenna axes. The latter may be corrected with any de-
sired degree of acouracy by shimming and adjusting bearings.

High-Gain Antenna

Orthogonality errors in this analysis are based' on measurements at the New
Hampshire (NHS) and Indian Ocean (IOS)lTrac_king Stations. At NHS, the measured
ofthogonality error was 3 sec; at 108, less than 2 sec. Based on these measure-
ments, an error of 0,01 mrad at an elevation ahgle' of 45° is assumed. The error
will vary as the tangent of the elevation angle.

Leveling errors are also based on ipr‘evious‘ measurements, At IOS, the leveling
error was less than 10 sec (0. 05 mrad)., At NHS the estimated peak error is 0. 2
mrad. In this analysis an rms error of 0, 12 mrad at 45° elevation is assumed.
Again the error varies as the tangent of the elevation angle,

Low-Gain Antenna

An error in mislevel in the low-gain antenna can be removed by adjustment of the
leveling screw jacks provided for thig purpose., Field expérience indicates that the
pedestal can be leveled to within +10 sec (0. 05 mrad). Therefore, for this analysis,
a peak error of 0. 05 mrad and an rms error of 0, 03 mrad at 45° elevation are
assumed. In this analysis, orthogonality error for the low-gain antenna is assumed
to be the same as for the high-gain antenna,
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C.8.2 Encoder Linearity

lﬂlh-(}un Antenna

The encoders used on the high~gain antennas are 17-bit output "DIGISEC" type,
(DIGISEC is a Wayne-George Corporation trade name.) 'l:he encoder has discrete
encoding tracks to 14 bits and uses interpolation to form the remaining bits, The
resolution of a 17-bit binary or related code (e.g., Gray code) is 9,89 sec, or
0,04 mrad; however, the accuracy of the interpolation ig stated to have a 4-sec
standard deviation, The installation of correction cams in the encoder raounting
should enable the encoder readout to be adjusted to an accuracy at least as good
as the 4-sec standard deviation, (Note that the adjustment of the encoder correc-
tion cams is accomplished with a precision clinometer which has an accuracy |
of 1 sec,) Thus, with correction cams the encoder linearity is assumed to be
within 4 sec, i.e., the standard deviation is 0.02 mrad, For tracking, the error
is considered a noise error,

Low-Gain Antenna

The low-gain antenna encoders are Wayne-George 17-bit Gray code optical
encoders of the Digisyn Series, These encoders have every bit read from a
separate track on a glass code disk.

The basic encoder accuracy has been verified by means of a polygon mirror and
an autocollimator., The largest error noted in checking five encoders was

stated to be 2/3 quantum, while Wayne-George claimed +1 quantum (1 quantum =
width of least significant bit = 9,89 sec, 0.04 mrad). The readout of the encoder
was again checked when mounted in the pedestal, with the encoder errors refer-
enced to encoder zero, The worst-case bias error for the azimuth encoders
(five pedestals checked) was 7 sec and the worst-case rms error was 8,9 sec.
The worst cases for the elevation encoders were a bias error of 6 sec and an
rms error of 10 sec,

C-43

WDL Division



WDL-TR3227-1
Volume I, Part 2

The peak error obtained from the above bias and noise errors is 19 sec, or
0,002 mrad, The lo tracking error (noise) of 0,03 mrad will be used for this
report,

C.8.3 RF Beam Collimation

Collimation error is due to the displacement of the RF axes from the mechanical
axis caused, for example, by misalignment of the RF feed.

_}jlgh-Gain Antenna

For the high-gain antenna a measure of the collimation error can be obtained by
locking the antenna onto the boresight tower in both the '"'normal" and the "plunged'
positions. The angles obtained in the plunged position are subtracted from 180°,
The difference is then subtracted from the angles obtained in the normal position,
This result, divided by 2, is defined as the collimation error,

Error data obtained by this technique contain contributions for other sources
including RF amplitude imbalance, phase shift, and servo bias, Proper allowance
must be made, therefore, in assessing collimation error to insure that these

other error sources are not included twice.

Test data from the NHS tracking station at 2,2 GHz (WDL-TR3113, Reference 18)
indicate a misalignment of 50 sec (0.24 mrad) in azimuth and 39 sec (0.19 mrad)
in elevation. For this report, a 0.24 mrad error peak and a 0,14 mrad 1o error
] | are assumed, Making allowance for the other error sources included in the

h measurement (i,e., amplitude unbalance typically 0,06 mrad, phase shift 0,02
mrad, and servo bias 0,05 mrad), the 10 error becc;mes 0.11 mrad. Azimuth
error will vary with the secant of the elevation angle, -
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Low-Gain Antenna

pialic gtunt |

Collimation error test data available from three sites (NHS, VTS, and OL-5,
see References 17, 18, and 19) are summarized below:

NHS VTS OL-§  Average
Azimuth 0 0 10" 4"
4 Elevation " 1'53" 1'g" rm

e

Estimates based on these data are 0.02 mrad peak for azimuth, and 0.3 mrad
peak for elevation, In this analysis the lo error will be 0,01 mrad and 0,17 mrad
in azimuth and elevation, respectively, Compensation for error from sources

3 s other than collimation is not required since the sources — amplitude unbalance,
phase shift, and servo bias — are negligible for the low-gain antenna.

oo oM 1

As before, azimuth error will vary with the secant of the elevation angle.

C.8.4 BSite Location Errors

Tracking errors result from the uncertainty in tracking station site location in
relation to the geocenter of the earth.

For a first-order survey, which has been used at every site, the maximum
angular error is required to be less than 3 sec; however, the uncertainty in posi-
tion on the earth's surface is believed to be as littie as 30 ft for some sites and as
much as 1000 ft at others. An uncertainty of 100 ft is assumed for this analysis.

Tracking error in elevation can be obtained from Equation (C.16) (See Paragraph
C. 6.1) by incrementing the central angle, zpo , to account for the uncertainty
region on the earth's surface and then comparing the resulting elevation angle
with previous data,

Lo Elevation angle error was calculated for the 100 and 500 nmi cases (maximum
elevation angle of 85°) by varying % by 2.8 x 10™4 deg (corresponding to 100 ft

at the earth's surface) and calculating elevation angle versus time, When these
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results are compared with original data it is found that the maximum elevation
error (at elevation angle of 88°) for the 100 nmi orbitis 9,9 x 1.0"3 deg or 0,17
mrad, At 65° elevation angle the error drops to 0,08 mrad, For the 500 nmi

orbit the maximum error is 0,04 mrad.

Maximum azimuth error is calculated at the elevation angle maximum by shifting
the tracking station location on the surface of the earth 100 ft parallel to the
vehicle trajectory (see Figure C-22). At an altitude of 100 nmi the 100-ft surface
displacement becomes 0,017 nmi, and at 500 nmi altitude the displacement is
0.019 nmi, The azimuth angle error is then determined (at maximum elevation
angle of 85°) from the displacement and the minimum distance to the vehicle,
which is 8, 74 nmi (100 nmi altitude) and 43.6 nmi (500 nmi altitude), The errors

are: :
Altitude
1.95 mrad 100 nmi

0. 44 mrad ‘ 500 nmi

These errors decrease rapidly as the vehicle passes the point where antenna
elevation angle is maximum, ‘

C.8.5 Polarization Boresight Shift

L Changes in polarization of the incident wave produce a borésight shift, The
] : reference polarization for the high-gain antenna is right-hand circular, and
for the low-gain antenna it can be right-hand or left-hand circular or linear
% § polarization,

Data available on the VTS high-gain antenna multipurpose feed indicate that linear
polarization produced a peak error of 0.7 mrad in azimuth and 1,0 mrad in eleva-
tion, To make allowance for cases where the incident wave is not right-hand
circularly polarized, rms errors of 0.3 mrad in elevation and 0.2 mrad in azi-
muth are utilized in this analysis.
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Measured d_ata on the polarization boresight shift for the low-gain antenna are not
readily available, However, since this antenna can be configured for reception of
either left- or right-hand circular or linear polarization, the contribution to track-
ing errors from this source is not considered significant,
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APPENDIX D

- EFFECTS OF PHASE SHIFT AND GAIN
VARIATIONS ON ANGLE-TRACKING ACCURACY

D.1 INTRODUCTION

Pre‘compafator and postcbmparatoxfdlffe‘i“ential f;hasé ‘siuft" and g‘aih variations
introduce angle-tracking errors in simultaneous lobing tracking systems. This
analysis evaluates the general nature and magnltude of these‘error for the SGLS
high-gain antenna configuration. ’ -

The effects ‘o‘f the following conditions are cohsidered: =

e P@‘edoﬁiparator phase . .differ:ential phase shift introduced between
the feed inputs and the comparator)

§ ‘ ',Postéomparafor' phase shift (differential phase shift introduced between
- the comparator and the product detector)

e Precomparator ‘émpilit"ude unbalance (due to gain differences in the
individual feed patterns)

e Posgtcomparator amﬁiitude unbalance (due‘to variations in the gain of
~ the reference and difference channel amplifiers)

Equations showing the basic relationships between parameters are developed
first. An evaluvation of these conditions follows, and graphs that show the effect

on angle-tracking accuracy are presented,

Since SGLS includes both phase-lock and crosscorrelation tracking nodes, an
analysis of each is included. The former is treated in Paragraph D. 2, the
latter in Paragraph D. 3.
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D.2 PHASE-LOCK TRACKING

D.2.1 Tracking Model

U :pum'm!ﬁlhhl‘ﬁf"wm Lo e ol

The effeots of differential phase shift and amplitude unbalance can be evaluated by
determining the relationship between the voltage output of the product detector

and the difference-and-sum=-channnl input signals in terms of their relative ampli-
tude and phase. Since this analysis is concerned with phase-lock tracking, the
received RF signal is assumed to be an unmodulated carrier. Crosgscorrelation
tracking of a wideband modulated signal is treated tn Paragraph D, 3.

A model of the tracking system is shown in Figure D-1. Only one of the two differ-
ence (i.e., error) channels is shown. The outputs of two individual feeds connect
to the comparator (for tracking on one axis). In the comparator, sum and differ-
ence signals are formed and transmitted down separate paths through the channel
amplifiers to the product detector. The product detector output is proportional

to the relative ampii'tude and phase of the two input signals.

/ G EZB+raClirr
/B8 + T Gs /F — , .
Feed 1: V]CM (wH%) } -9-.2 "i'AE Cos (T --lzl.p -7)
DETECTOR |KC -
COMPARATOR ”

Fead 2: V,Cos (u»-g) }
a/r -k %o CA:,- E
/ % GDA T - =/T-

£ =V, Coslot +g-) +V,Cofr - $)
A= v, Coslwt +-g-) - V2Cos(wr -8-)

T = Postcomparator Phase Shift
? = Precomparator Phate Shift

Figure D~1 Modei for Phase~Lock Tracking

Since the received signal is assumed to be a pure sinusoid, the signal at the output
of feed 1 is

V1 cos (wt + -%) | ()

PHILCO l oo
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AT S 1

and at the output of feed 2, we have

V2 cos (wt - -%) (2)
where
Vl g = peak amplitude of the signal from feeds 1 and 2, respectively

14

Wt = pﬁase angle of the received carrier signal

® = ¢1 - ¢, = precomparator differential phase shift hetween

channels
Channel

The signal at the output of the comparator in the sum channel (g) is the sum of
- the two signals at the comparator input, that is,

= [ -
p> V1 cos (wt + 2) + V2 cos (wt %) 3)
From the vector diagram (Figure D-2), the amplitude of the
s sum signal at the comparator output is given by
{2 2 1/2
z = (V1 + V2 + 2V1‘V2 cos p) 4)
The associated sum signal phase angle (8) is
)
a1 (V- Vysin—5-
(\;1 + V2 + 2V1V2 cosqg

Figure D=2 Sum Channel (%)
Vector Diagram If a phase shift is introduced between the comparator output
and the amplifier input, the sum signal, written in polar form,
becomes I /B+T , where 7 is the postcomparator differential phase shift. Since
the gain of the sum channel amplifier is G g the signal at the output of the ampli-

fier is G sz: [B+T . The application of automatic gain control will, however,

D-3
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maintain a constant amplitude output go that the sum ochannel input to the produot
detector can be written

G Z [B+T = C/B+T (8)
whére
C = QI )

Difference Channel

In the difference channel, the output of the comparator (4) is the vector difference
between the two signals from the individual feeds, which is expressed as

A = Vl cos (wt + -g—)- V2 cos (wt - %) | ‘ (8)

Referring to the veoﬁor diagram for the difference channel (Figure D-3), the ampli-
tude of the signal at the output of the comparator in the difference channel is

o 2L 2 1/2 :
A= (\ 1 ¥ V2 - 2V1V2 cos ¢) 9)
The associated phase angle is I'- % ,where T is
given by
‘ <X 2
_ -1 ‘ (V2 Vl)cos 2
(Vl + V2 - 2V1V2 cos ¢) .
| Expressed in polar form, the difference channel signal

Figure D-3 at the comparator output is A/T — 7/2, The input
Difference Channel (3) to the product detector, following multiplication by
b
Vector Diagrem the gain of the difference channel amplifier (GD) , 18

GpA é-% (11)

[eHILEE | o
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Assuming the gain in each channel is identical (G’ u GD) and by substitution
in Equation (7), we have

G, = -2 (12)

The difference channel input to the detector [Equation (9)] can then be rewritten

T R e . O

as
- ca _ (13)
i;: “ - Product Detection
;T igure D-4 represents a typical product
E Figure epresents & typ ,c produe SUM SIGNAL A/ ——ad PRODUCT £
E ‘detector neglecting the sum frequency , DETECTOR |
= DIFFERENCE SIGNAL 8/ (x)
T term (2w) which is filtered out.. The out-~
s put voltage (E ) is given by Figure D=4 Typical Product Detector
14
oL E, = £A—]écos(w-cr) (
E 0 2
. where .
“ E, = voltage output of the product detector
b - K = detector constant
= A = amplitude of the sum signal input
: £ B = amplitude of the difference signal input
z ) = difference signal phase angle
g * o = gum gignal phase angle

I N R

[BriLco | =
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Substitution of the expressions for the sum signal [Equation (6)] and the difference
signal (Equation (13)] into Equation (14) yields

2
E, = ﬁgzéoos (I‘-%-B-'l') (15)

T ISR Y

The detector output voltage (E 0) in Equation (15) can be expressed in terms of the
signal output from the individual feeds (V1 and Vz) by substitution of the expres-
sions for £ [Equation (4)] and A [Equation (9)] into Equation (15). This yields

o[v? + v2 - av.v 12
+ - coso -
£y - K| —f—1 2 cos (T- 5 -8 - 7) (16
Vl V2 2V1V2 cos89 )
where
Eo = dc output of the product detector i
K = product detector constant R
Vl,V2 = peak amplitude of the signals from feeds 1 and 2 -1
[see Equations (1) and (2)] -
C = a constant (G s}:); G s is gain of the sum channel amplifier : -t
[see Equation (7)] -3
(] = precomparator differential phase shift (¢1 - ¢2)
T = postcomparator differential phase shift (arbitrarily introduced )
in the sum channel)
T = difference signal phase angle {see Equation (10)] )
B = sum signal phase angle [see Equation (5))

To relate the detector output voltage (E 0) to the off-boresight angle, the individual
feed output voltages (V1 and V2) must be expressed in terms of the off-boresight
angle. The latter is determined by the feed and antenna design. Assuming gaus-
sian patterhs, Figure D-5 shows the individual feed patterns with a normalized gain -
of 1 for the SGLS high-gain configuration. =

D-6
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Relative Gain

|

Feed 1 Pattern V Feed 2 Pattern

f

Frequency = 2200 MHz

1 I | .
-8 'OSdB “fe 0 +6, +0348 +0
«0,36°  ~0.15° +0.15° +0,36°

Figure D=5 Individual Feed Patterns

Referring to Figure D-5, the voltage output from the individual feeds is given by*

" 2
9 6+86: an
Vy = 2G, exp |-2.78
1 1 I 03 dB
- 2
Ve = 2@, exp |-2.78\5—% 18
2 2 ] b3 4B (18)

where
Vl,V2 = peak output voltage from feeds 1 and 2, respectively

Gl,(}2 = power gain of the individual feeds
6 = off-boresight angle
] = off-boresight angle for maximum feed gain

63 iB " off -boresight angle where feed gain is 3dB down from maximum

FWDL-08-161345A-03, Feed-Multipurpose, for 60-Foot Paraboloid Antenna;
Detail Performance Specification.

D-7
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For the high-gain antenna, 6, = 0. 15* and 83 gp = +9-36°. Substitution of
these values in Equations (17) and (18) yields the feed output in terms of the in-
dividual feed gain (Gl'Gz) and off-boresight angle () , i.e.,

o]

v? = 20, exp [—2.78(W—)9 i

4

.
2 _ -2.78(6-=0:15
Vv, = 26, exp[2.78(0'36 )

/]
V ~ Equation (16) is plotted in Fig~

ure D-6 for the high-gain an-
tenna showing detector voltage
output (E 0) versus the off-
boresight angle (9) for zero
precomparator and postcom-
parator phase shift (¢ = 0°,
7=0°). N'ote that the gradient
at boresight (6 =0°) is 0.65

V/mrad; the curve is linear to

Slope = 0,65
® 11,4

0

:
]
:
§

approximately 0. 1°,

The effects of introducing dif-
ferential phase shift and ampli-
tude unbalance are evaluated in
Paragraphs D.2.2 and D, 2. 3.

%3 . 0,1 0 0.1
Oft<Baresight Angle (8) (deg)

Figure D-6 Detecter Qutput Voltage vs Off-Boresight Angle

D-8
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D. 2.2 Effects of Differential Phase Shift

An examination of Equation (16) indicates that a precomparator or postcomparator
differential phase shift causes a boresight shift., This is illustrated in Figure D-7,
which shows boresight shift (6) as a )
function of postcomparator phase : ¢=n°
shift () for various values of pre- ) /
comparator phase shift (). Note /
that if either * or ¢ is zero, the

boresight shift is also zero. For
T#0 and ¢ #0, the resulting
boresight shift increases as either

M AT e T G L S R T e

T or ¢ isincreased. Note also
that postcomparator phase shift

changes the slope of the detector out-
put voltage. Although servo loop
gain is affected to some extent, the
effect is secondary. Boresight is

not affected.

Provisions have been made in the

SGLS receiver to control postcom~
parator phase shift through phase-

adjust circuitry in the reference

channel. This adjustment permits
reduction of differential phase shifts
between the sum and difference

channels to approximately £10°, Figure D-7 Angle-Tracking Error Due to Phase Shift

215° +2°

Postcomparator Phase Shift (r)

The specified* null depth for the high-gain antenna is 30 dB in the 2200- to 2300-MHz
frequency range; the related precomparator phase shift is 5°. From Equation (16)
and under these conditions (7 = x10°, ¢ = +5°), the resultant boresight shift is
+0,0026° or +£0. 045 mrad.

*WDL~-98- 151345A 03, Feed~Multipurpose, for 60-Foot Paraboloid Antenna;
Detail Performance Specification.
: D-9
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D.2.3 Effects bf Amplitude Unbalance

Precomparator Amplitude Unbalance

Precomparator differential amplitude variations also result in a shift in the bore-
sight angle, These variations are generally caused by unequal gains in the in-
dividual feeds. The resultant boresight shift is determined from Equations (19)
and (20) by setting V, =V, and solving for the ratio of individual feed gains
(GI/GZ)' This ylelds '

" Eaoabit e i Sl e 47‘ L
s R B e T T T P ST
IR e s s iR i L e i

Gy _ 12.80

Gz e (21)
The variation in boresight (9) is 0.020 - o
plotted in Figure D-8 for various
values of the above ratio [Equation 0.015 =
(21)] . | 3 . /

§ 0.010 }—- ]

For the SGLS high-gain antenna con- ? /
figufation, a feed amplitude unbal~ 0.008 — / e
ance of 0.3 dB can be expected with -~
a corresponding angle-tracking 0 ,

[+] 0.2 0.4 0.6 0.8 1.0
error (boreSight Shift) Of 0' 006° * Ratlo of Individual Feed Galns (GI/GZ) In dB
Postcomparator Amplitude Figure D-8 Boresight Angle Variation
Unbalance Due to Feed Amplitude Unbalance

The effect of postcomparator amplitude unbalance is evident from inspection of
Equation (15). This equation was derived on the basis that the gain in the sum
and difference channels was identical; i.e., G s = GD . If the gain of the chan~
nels differ such that Gs = AGD then the detector output will be modified by the

constant A as follows:

E0 =-7-!—écos(l“--g--ﬁ-'r) (22)

PpHILCO l- WDL Division
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Note that postcomparator amplitude unbalance does not introduce a boresight shift
but will change the slope of the product detector output, This change in slope will
affect the servo, either increasing or decreasing loop gain. In the SGLS receiver,
gain variations of +3 dB* can be expected over the input signal dynamic range. ‘
These variations in receiver gradient affect the servo acceleration error constant,
which, in turn, can introduce tracking errors due to servo lag. The latter errors
are minimized, however, by adjustments to the error gradient available in the
receiver, '

D.3 CROSSCORRELATION TRACKING

In Paragraph D. 2, the effects of differential phase shift and amplitude unbalance
were analyzed in tracking an unmodulated carrier in the phase-lock mode. This
section is conzerned with tracking a modulated carrier in the crosscorrelation
(wideband) mode.

D. 3.1 Tracking Model

The analyses for the phase-lock and crosscorrelation tracking modes are quite
similar; therefore, the model for crosscorrelation tracking (Figure D~9) is a
simplified version of Figure D-1,

Carrier radian frequency = W (F radian frequancy = w o
z SUM .
1 CHANNEL 2
I Ss. }
EEED 1 . ronuct  |e 3
1 LOW PASS
Fegp 2| COMPARATOR DETE:TOR FILTER 0
‘ DIFFERENCE
A
& ) CHANNEL ____.ZJA
) Sp

Figure D-9 Crosscorrelation Tracking Model

*WDL-CP-168946A, Receiver and Analog Ranging Fquipment, Ground, CEI
Detail Specification,

D-11
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Since the input signal to the antenna system is a modulated carrier, the signals at
the outputs of the feeds are

Feed 1 output = V1 cos rwc (t + %) + o cos W (t + %) (23). )
Feed 2 output = V2 cos w, (t -%) + « cos W (t - %) (24)
where J

W, = carrier radian frequency

o = precomparator differential time delay™

Wi = sinusoidal modulation radian frequency

Q = modulation index |

V.,V = peak output voltages from feeds 1 and 2 [see Equation (17)]

1’2 i

The signal at the output of the comparator ih the sum channel (zl) is the vector
sum of the signals from feeds 1 and 2, and is given by

z, = Vlcos[ S acosw (t+%)]

+ V2 cos[wc<t - %) + o cos wm (t - %)] (#)

After amplification by the sum channel gain (G s) , the signal is down-converted to
an intermediate frequency. At this point, a postcomparator differential time delay
(t) is introduced, as well as an arbitrary phase shift to the carrier (3) . (The
latter is of interest in determining the effect of phase-adjust circuitry in the
receiver,) The input signal to the product detector (T 2) is then:

—
In Paragraph D.2, "¢ " was defined as precomparator differential phase shift.
D-12
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Z, = GV, cos[wo(t + -;-') + wc-g *' -32- + acos wm(t + % + %)]
(26)
+ G.’BV2 cos[wo(t + %) - wc% + % + @cos wm(t --% + -:—)]
where
C}s = gain of the sum channel amplifier
T = postcomparator differential time delay
wo = intermediate radian frequency = 27 x 130 MHz
B = arbitrary phase skift to carrier to represent phase adjust circuitry
in the receiver | '
w, = carrier radian frequency = 27 x 2200 MHz

In the difference channel, the output of the comparator (Al-) is the vector differ-
ence of the signals from feeds 1 and 2, which is given by

=

A, = V; cos[wc (t + "é') + @cos wm(t + %)]
(27
-V, cos[wc(t —%—) + @ cos wm(t —%)]

After amplification, frequency down conversion, and introduction of pcitcomparator
time delay and phase shift, the signal at the input to the product detector is

e

8, = GpV, cos[wo(t - -;-) *w,g - % + o coB wm(t + % - -5-)]
- GpVy Cos[wo<t -3) - w % - &+ acos @t - % - %)l

where GD is the gain in the difference channel,

D-13
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The output of the detector (El)‘ as shown

&
:

a, | oricron Plwf bRy [
L (k) FILTER in Figure D-10, is given by
Fi D=10 Product Detect N o
gure roque stector El 22A2 K

Substituting z, from Equation (26) and 4, from Equation (28) yields

By

K

o]

- 1 2. B (]
G G Vlcos[wo(t + 3 + w¢2 + 3 + aooswm(t+ 5 +

) )

'cos[%( _l'.> wc% %+ o cos wm(l: +%-£—)] _
-G GpV, VY, oos[ o(t +~§-) +wo-g-+%+ @008 wm( 2*‘?}] |
-cos[ (t- )_ c% .g.+ o cos w (t -—-3)]
w ,(t -%+l'§

‘E)] ,‘ )]

GsGl)Vg cos A’O(t + —12:)' Qc%+£+ @ o8 wm(t "% 2)]

-‘cos‘[‘wo( --T-) wc% - -g-*l- o cos wm(t - % ‘-‘ -;-)]

Ty w 24 L4 woos
+G GV, V, cos[wo(t + 2) “cz + 5+ acos W

9
2
._-cos[wo(?:-;vg-) + wc-g- %+ dcos wm.( -2-

(29)
; ‘E‘quatio“n (29) may be simplified by using the following identities:
cosxcosy = 1/2[cos (x + y) + cos (x - ¥)] (80)
" cosa-cosf = -2s8inl/2 (@ + pB)* s8in1/2 (@ - B) (31)
cos (& - pB) = cosa cosfB + sinw sinf (32)
_ _ % S
cos (xsin y) = Jy(x) * 2 2. J,,(x) cos 2 ky (33)
k=1

D-14
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sin(xsiny) = 2 T (%) sin (2k-1 | | (34
(_ y) & 2k-1 ) ( ‘ )y ( )

After substitution, colleotion of terms, and passage through the lowpass ﬂlter.
Lhe volta.ge output (EO) becomes '

s T A o A T e ) b PR SS Rocso  FE SR

o = llz- - Y—g éos(w T8 J (2asinQ -' AN
RGG) " \2 "% o0 TP Y .m'f)
v v ey
—lz-cos (w Tt W X +ﬁ) J |2asinw (-2- :r)]
Eoan o L 1ve . LA (T e y
 : L mgReos (W - w9 ) Jo\lz‘?si“'“m(ﬁi{ -5 @9 o

e D, 3. 2:;Effééi:( ,of Differgﬂtia.l Time Delay

] ~ TR The. plot of Equation (35) (Fxg‘ure D-11) shows the output voltage E /KG

kS : s D : L
E verSus the oft-boresight angle (6) for various values of postcbmparator dszer- S

.. .. ential time delay () . The values of modulation index (& ='2.4) and modulation

: | frequency w, = (271)(6.5 MHz) represent the maximum specified modulation re-

, .quirements. * In addition, the value of precomparator differential time delay (9= 6.3 x
10-12 gec)is the time delay associated with a 5° phase shift to the carrier at 2200

- MHz, In Figure D-11, for T = 0, the boresight shift is zero; for the time delay
‘ -10

SR e g
P 5

associated with a 10° phase shift to the IF carrier (tr = 2.1 x 10 ~ sec), the bore-

3 sight shift is 0. 0026°, ' As might be expected, the latter is identical to the result
obtained when tracking an unmodulated car+ier in the phase-lock mode (Paragraph
) 2.2). In general, as the differential time delay increases; the boresight shiit in-
: ~ creases and the gradient or slope of the output voltage decreases.
5 *WDL-CP-168946A, Receiver and Analog Ranging Equipment, Grouad, CEI Detail
g Specification, Pa.ragraph 3.1.1.1.2.8.
-
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0.2 — ]
k ’ ‘ - re 19,2 x 107" %
0.1 : 3\\\ —— _
2 \ \ S -10
- N N R Tu9.6x10 Tsec
v 0 s smecas AIAN ‘
Plow R \ 7= 2,1 % 10" %5ec
=01 r=0
6.3 107 diee
. . p-o ¢‘; o
0.2, : : «=2.4 L
£ =0,02 0.0 4 0 T 0.0 o 0,02 W =2 x6.SMHz ‘

Off<Boresight Arigle (6) (deg)

Figure D=11  Error Voltage vs Qf:f-_!‘!orosii'g'hf" Angle (Crosscorrelation Tracking)

" As noted earlier, the postcomparator differential phase shift can be maintained

at 10° or less by phase adjustments available in the receiver. The boresight shift

and slope degradation are therefore bounded, precluding, for example, the curves :

for 7=9.6x10 1% sec and 7 = 19.2 x 1071° sec shown in Figure D-11.
At this point, the analysis indicates that postcomparator differential time delays
cause an identical boresight shift when tracking either a modulated or an unmod-.
ulated carrier. When tracking a modulated carrier, however, an additional i
degradation (over that which occurs when tracking an unmodulated carrier) is
caused by the rpodulation envelope delay when it degrades the slope of the receiver

output voltage.

Consider the case [Equation (35)] in which the phase adjustment in the receiver (8)
is such that W, = - and wc¢ is small. That is, the phase adjustment in the
receiver is sef to compensate for the postcomparator-carrier differential phase

shift, and the precomparator~carrier differential phase shift (wcsb) is less than or -
equal to 5°, Since ¢ << T, Equation (35) reduces to:
D-18
;%DT-ITQ_Q’I% WDL Divisinon

QU T

o




WDL-TR3227~1
Volume I, Part 2

Ka Gy " |2 " | % (2asinw,, ) (36)

For V, =V,, the output of the receiver is zero, as expected. However for

v, ¥ Vy ', the output is proportional to the factor J o (2asin wm 5). This factor
Is a function of the modulation index and the modulation frequency. When &« = 0
(no modulation), Jy(0) = 1, and the result depends only on Vi Vs the detector
constant, and the channel gain, as was the case in Paragraph 2.2, -

The plot of J0(2asin W -'E) versus T, for a modulatioa index of & = 2.4 and a
‘modulating frequency of @, = (27)(6.5 MHz), in Figure D-12 shows the effect on the
output voltage; namely, a degradation of the voltage gradient. A degradation in

1.0 N
e D\ 0.8 dB Jo (4.8 4inw6.5x 10%) |
Modulation index {a) = 2,4
— = \C—| 1048 . Medulation Frequency (q") =46.5 MHz

\
oaf ‘ \

e
N ]

0,41
o 10 20 20 “© 50 60 70 80

Time Delay (7)
(Noneseconds)

Normalized Error Voltage

Figure D-12 Angle-Error Voltage vs Differential Time Delay (Crosscorrelation Tracking)
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the output voltage gradient nf 1 dB is considered acceptable. This in turn corre-
sponds to a postcomparator differential time delay of 7 ns, as indicated in Figure
D-12, This time=-delay differential can be realized through appropriate installa-
tion design involving equipment location and the selection, routing, and length of
transmission lines,

D.3.8 Summary of Tracking Errors

Table D-1 summarizes the effects of differential phase shift and gain variations on
angle~tracking accuracy in both the phase-~lock and crosscorrelation tracking
modes. As indicated in the table, boresight shifts result from precomparator

- differential amplitude unbalance and precomparator and postcomparator differen~
tial phase shift. The magnitude of boresight shift is the same for either tracking
mode,

A change in the slope of the detector output voltage results from postcomparator
differential amplitude'imba.lance and postcomparator phase differential pha.sé shift.
In the crosscorrelation tracking mode, the detector output voltage is, however,
subject to greater degradation due to the envelope delay which cannot be compen-

sated for in the receiver.

TABLE D-1

SUMMARY OF ANGLE-TRACKING ERRORS DUE TO DIFFERENTIAL
PHASE SHIFT AND AMPLITUDE UNBALANCE

|_Effect in Phase-Lock Trackin, lEﬂact {n Crosscorrelation Tncldﬂ
Parameter Tetector Datector
Condition Value Source* Boresight Shift | Output Slope Boresight Shift | Output Slope
Precomparator
differential +5° A No effect No effeot
phase abift %0.046 mrad (peak) £0. 046 mrad (peak)
5 Postcomparator 40,03 mrad (rms) 40,03 mrad (rms)
= differential #10° B 0.14dB | 1.1 die*
phase shift
Precomparator
differential 0.3dB c +0, 10 mrad (peak) No effect |+0,10 mrad (peak) No effect
amplitude %0, 08 mrad (rma) 40.06 mrad (rms)
i unbalance
: Postcomparator|
differential +3 dB B No effect +3 dB No effect +3 dB
i amplitude
= unbalance

*A: WDL-88-151345A-03, Feed, Multipurpose, for 80-Foot Paraboloid Antenna, Detail Porformance

Specification.
B: WDL-CP-188948A, Receiver and Analog Ranging Equipment, Ground, CEl Datail Specification.
C: Estimated.

*»] dB due to 7 ns envelope delay for: modulation index o = 2.4; modulation frequency G " (27)(6.5 MHz).
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